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Abstract 

Reliable  mieroeleetromeehanical  systems  (MEMS)  switehes  are  eritieal  for 
developing  high  performanee  radio  frequeney  eireuits  like  phase  shifters.  Engineers  have 
attempted  to  improve  reliability  and  lifeeyele  performanee  using  novel  contaet  metals, 
unique  meehanieal  designs  and  paekaging.  Various  test  fixtures  including:  MEMS 
devices,  atomic  force  microscopes  (AEM)  and  nanoindentors  have  been  used  to  collect 
resistance  and  contact  force  data.  AEM  and  nanoindentor  test  fixtures  allow  direct  contact 
force  measurements  but  are  severely  limited  by  low  resonance  sensors,  and  therefore  low 
data  collection  rates. 

This  thesis  reports  the  contact  resistance  evolution  results  and  fabrication  of  thin  film 
micro-contacts  dynamically  tested  up  to  3kHz.  The  contacts  consisted  of  a  lower  contact 
of  evaporated  Au  and  a  thin  film  upper  contact,  consisting  of  sputtered  Au,  Ru  or  RUO2, 
with  an  Au  electroplated  structural  layer.  The  fixed-fixed  beam  was  designed  with 
sufficient  restoring  force  to  overcome  adhesion.  The  hemisphere-upper  and  planar-lower 
contacts  are  mated  with  a  calibrated,  external  load  resulting  in  approximately  200/iV  of 
contact  force  and  are  cycled  in  excess  of  10^  times  or  until  failure.  In  addition,  Au-Au 
contact  pairs  with  a  hemispherical  upper  an  engineered  lower  contact  were  tested.  These 
lower  engineered  contacts  were  constructed  using  gray-scale  lithography.  Contact 
resistance  was  measured,  in-situ,  using  Holm’s  a  cross-bar  configuration  and  the  entire 
apparatus  was  isolated  from  external  vibration  and  housed  in  an  enclosure  to  minimize 
contamination  due  to  the  ambient  environment.  Additionally,  contact  cycling  and  data 
collection  are  automated  using  a  computer,  integrated  lab  equipment  and  EabVIEW. 
Results  include  contact  resistance  measurements  of  Au,  Ru  and  RUO2  samples  and 
lifetime  testing  up  to  323.6  million  cycles. 
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CONTACT  RESISTANCE  EVOEUTION  AND  DEGRADATION  OE  HIGHEY 


CYCEED  MICRO-CONTACTS 

I.  Introduction 

Micro-contacts  are  used  in  a  wide-range  of  applieations  from  medical  devices  to 
overhead  projeetors.  Micro-contacts  are  normally  used  in  mieroeleetromeehanieal 
systems  (MEMS)  relays  or  switches,  where  a  miero-eontaet  is  opened  and  closed  with 
relatively  low  foree.  Eow  power  eonsumption,  isolation,  and  redueed  insertion  loss  are 
aehieved  by  the  mechanical  actuation  of  the  switch  which  physically  opens  or  eloses  the 
cireuit.  The  foeus  of  this  researeh  will  be  on  low  power  applications  of  micro-contacts 
with  multiple  eontaet  materials  and  eontaet  geometries.  This  ehapter  will  describe 
micro-eontact  properties  and  operation,  the  problem  statement,  motivation,  micro-eontact 
test  fixture  solution,  micro-contact  support  structure  solution,  and  miero-eontaet  failure 
modes. 

1.1  Micro-contact  properties  and  operation 

MEMS  switches  can  be  utilized  in  the  communication  industry  including  in  mobile 
phones  [1].  Radio  Erequency  (RE)  MEMS  switches  can  be  used  as  phase  shifters, 
impedance  tuners,  and  filters  on  control  circuits  found  in  many  communication,  radar  and 
measurement  systems  [2].  MEMS  switches  offer  higher  isolation,  lower  insertion  loss  and 
less  power  consumption,  compared  to  the  conventional  field-effect  transistor;  however, 
with  lifetimes  near  10^  actuations,  MEMS  switch  reliability  is  a  major  area  for 
improvement  for  large- volume  commercial  applications  [3].  These  commercial 
opportunity  present  themselves  as  electronics  continue  to  decrease  in  size  but  power 
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requirements  increase  or  remain  constant.  The  integrated  circuit  community  is  struggling 
to  develop  the  future  generations  of  ultra  low-power  digital  integrated  circuits  [4] .  With 
the  better  performance  of  MEMS  micro-switches,  the  integrated  circuit  community  is 
beginning  to  examine  MEMS  micro-switches  to  replace  some  integrated  circuits  [4] 
because  of  the  better  performance  offered  by  MEMS  Micro-switches. 

1.2  Problem  statement 

To  enhance  reliability,  circuit  designers  need  simple  and  accurate  behavioral  models 
of  embedded  switches  in  CAD  tools  to  enable  system-level  simulations  [5] .  One  of  the 
most  common  methods  used  to  study  the  performance  and  reliability  of  micro-contacts  is 
to  cycle  electrostatic  actuated  micro-contacts  at  high  rates  (in  kHz  range)  until  failure. 
Considering  that  the  average  number  of  cycles  required  for  a  micro-contact  to  reach 
failure  can  be  beyond  10^  cycles,  the  high  cycle  rate  is  a  necessity  for  obtaining  useful 
failure  mode  information  from  a  micro-contact  within  a  reasonable  time  frame  [6].  But  the 
use  of  electrostatic  actuation  is  not  without  its  issues.  When  using  electrostatic  actuation 
to  open  and  close  the  micro-contact,  the  contact  force  must  be  then  calculated.  This 
calculation  is  based  on  the  the  applied  voltage  and  the  properties  of  the  micro-contact. 

The  issue  with  using  a  calculation  for  applied  force  is  that  applied  micro-contact  force  is  a 
key  requirement  for  the  determination  of  the  effective  contact  area,  as  well  as  a  potential 
influence  on  the  development  of  a  failure  mode.  This  calculation  of  contact  force  can 
make  the  investigation  into  the  influence  of  contact  force  on  failure  modes  difficult. 

To  examine  the  effect  of  contact  force  on  the  performance  and  reliability  of 
micro-contacts,  researchers  have  used  a  modified  atomic  force  microscope  (AEM),  with  a 
micro-contact  testing  rate  of  ~  0.5Hz,  in  order  to  apply  a  known  contact  force  [7]. 
Considering  the  potential  lifetime  of  a  micro-contact  being  greater  than  10^  cycles,  the 
modified  AEM  setup  could  require,  if  running  continuously,  more  than  230  days  for  a 
micro-contact  to  reach  failure  [6].  There  is  a  need  for  a  micro-contact  characterization 
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system  which  can  apply  a  known  contact  force  and  permit  further  study  into  the 
performance  and  reliability  of  micro-contacts. 

1.3  Motivation 

Motivation  for  this  research  comes  from  the  need  to  enhance  a  fundamental 
component  of  many  RF  systems  which  are  used  in  defense  technologies.  This  work 
focuses  on  the  fabrication,  improvement  and  development  of  a  micro-contact  test  fixture 
and  micro-contact  support  structures.  The  test  fixture  and  micro-contact  support  structures 
enable  lifecycle  testing  of  micro-contacts  for  the  study  of  micro-contact  reliability  as  well 
as  the  underlying  physics  of  micro-contact  failure  modes.  By  characterizing  the  physics  of 
micro-contact  failure  modes,  engineers  will  be  able  to  advance  technologies  using 
micro-contacts  and  integrate  them  into  new  advanced  systems. 

1.4  Micro-contact  test  fixture  solution 

An  important  part  of  this  research  was  improving  a  micro-contact  test  fixture  capable 
of  lifecycle  testing  as  well  as  the  fabrication  and  testing  of  micro-contact  structures.  First, 
the  types  of  failure  modes  micro-contacts  experienced  in  previous  research  have 
investigated  in  order  to  determine  the  modifications  needed  to  the  micro-contact  test 
fixture  [8].  Then  the  micro-contact  test  structure  was  modified,  new  test  equipment 
integrated,  and  the  automation  software  re-programmed. 

1.5  Micro-contact  support  structure  solution 

As  mentioned  previously,  this  research  focuses  on  the  design,  fabrication,  and  testing 
of  micro-contact  structures.  First,  research  into  the  types  of  failures  micro-contacts 
experience  will  be  performed.  This  research  will  be  used  to  develop  a  micro-contact 
structure  suitable  for  diagnosing  the  micro-contact  failures  after  lifecycle  testing.  The  data 
gathered  on  the  properties  of  the  materials  will  be  used  and  calculations  will  be  performed 
to  determine  the  appropriate  thickness  of  the  layers  needed.  Analytical  methods  are  to  be 
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used  to  characterize  the  behavior  and  physical  phenomena  of  the  micro-contact  structures. 
The  designed  micro-contact  structure  will  then  be  fabricated  and  tested  using  the 
micro-contact  test  fixture. 

1.6  Micro-contact  failure  modes 

It  is  important  not  only  to  cycle  the  micro-contacts  to  failure  but  to  understand  why 
they  failed.  First,  research  into  the  types  of  failures  micro-contacts  experience  will  be 
performed.  Then  the  failures  experienced  was  researched  to  identify  the  type  of  failure. 
Finally,  the  failures  was  investigated  if  the  underlying  causes  can  be  identified.  These 
underlying  causes  were  used  to  direct  changes  to  the  micro-contact  support  structure  or 
the  test  support  structure. 

1.7  Chapter  Summary 

Accurate  predictors  for  the  lifetime  performance  of  micro-contacts  are  needed  by 
engineers  to  enhance  future  technology.  In  order  to  develop  accurate  predictors, 
micro-contact  physics  and  failure  modes  must  be  studied  over  the  micro-contact’s 
lifecycle.  Proper  characterization  of  the  experienced  failure  mode  by  the  micro-contact  is 
vital  to  be  able  to  determine  if  material  properties  or  environmental  factors  limit  the 
reliability  of  the  micro-contact.  An  investigation  will  be  performed  to  determine  the 
requirements  for  a  micro-contact  structure  suitable  for  the  study  of  micro-contact  physics 
and  a  micro-contact  test  fixture  capable  of  lifecycle  testing  of  micro-contact  structures. 
The  next  section  of  this  document  provides  a  review  of  the  relevant  micro-contact 
knowledge  areas,  design,  resistance  modeling,  contact  materials,  performance  and 
reliability. 
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II.  Literature  Review 


2.1  Chapter  overview 

A  review  of  relevant  literature  in  miero-contacts  is  presented  in  this  chapter. 
Advancements  in  micro-contact  ares  are  discussed,  to  include,  resistance  modeling, 
contact  materials,  performance,  and  reliability. 

2.2  Micro-contact  resistance  and  modeling 

Contact  resistance  modeling  requires  knowledge  of  the  two  contact  material  surfaces 
and  their  material  properties.  Holm  initially  studied  clean  contacts  and  did  not  consider 
contact  contamination  effects  on  contact  resistance.  Though  it  is  not  initially  considered  in 
the  determination  and  description  of  micro-contact  resistance,  it  can  have  a  major  effect 
[9] .  Even  though  the  bases  of  the  cylinders  appear  to  be  similar,  the  contact  areas  are 
actually  quite  different,  because  no  surface  is  perfectly  smooth.  The  two  surfaces  are 
covered  in  asperity  peaks  or  a-spots,  which  are  what  meet  at  the  interface  and  become  the 
contact  area.  These  a-spots  have  been  described  as  “small  cold  welds  providing  the  only 
conducting  paths  for  the  transfer  of  electrical  current”  [10].  A  graphical  representation  of 
the  contacting  a-spots  and  the  effective  radius  of  the  contacting  area  can  be  shown  in 
Figure  2.1  [11].  This  effective  area  is  used  for  making  simplified  contact  resistance 
calculations. 

Holm  also  investigated  contact  resistance  changes  due  to  plastic  and  elastic 
deformation  of  a-spots,  which  greatly  affect  the  interface  of  the  contact  areas. 

Majumder  et  al.  model  micro-contact  switches  with  three  steps.  First  was  to 
determine  the  contact  force  available  from  the  mechanical  design  of  the  electrostatically 
actuated  micro  switch.  This  contact  force  was  a  function  of  applied  gate  voltage.  Second, 
was  to  determine  the  effective  contact  area  as  a  function  of  contact  force.  Finally, 
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Contacting  surface  asperities 
or  a-spots  / 


Apparent  Radius  (r  J  Effective  Radius  (r^u) 


Figure  2.1:  Picture  of  a-spots  represented  as  effective  radius.  [11] 


Majumder  et  al.  determined  the  contact  resistance  as  a  function  of  the  distribution  and 
sizes  of  the  contact  areas  [12].  Both  Majumder  and  Holm  note  that  the  surface  profile  is 
sensitive  to  plastic  and  elastic  deformation. 

Elastic  modeling  is  accurate  for  extremely  low  values  of  contact  force  of  a  few  mN 
where  surface  asperities  retain  their  physical  forms  after  the  contact  force  is  removed. 
Plastic  deformation  permanent  surface  change  occurs  by  the  displacement  of  atoms  in 
asperity  peaks  whereas  neighboring  atoms  are  retained  under  elastic  deformation. 

2.2.1  Elastic. 

The  a- spot  contact  area  under  elastic  deformation  is  given  by: 


(2.1) 


A  =  nra 


where  A  is  the  contact  area,  r  is  the  a-spot  peak  radius  of  curvature,  and  a  is  the  a-spot 
vertical  deformation  [13]. 

For  circular  areas,  2.1  and  2.3  are  related  to  the  contact  area  effective  radius  {Ceff) 
through  the  Hertz’s  model  [14]: 


(2.2) 
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The  normal  contact  force  Fee  is  given  by: 


F ce  ~  2)^  ^ 

where  E'  is  the  effective  Hertzian  modulus  derived  from: 


(2.3) 


1  1  -  v2  1  - 

—  = - -  + - ^ 


(2.4) 


E'  El  E2 


where  Ei  and  vi  is  the  elastic  modulus  and  Poisson’s  ratio  for  contact  one  respectively  and 


E2  and  V2  is  the  elastic  modulus  and  Poisson’s  ratio  for  contact  two  respectively  [14]. 

When  deformation  is  no  longer  reversible  and  the  applied  load  is  approximately  three 
times  the  yield  point,  ideal  plastic  material  deformation  begins. 

2.2.2  Plastic. 

Plastic  material  deformation  is  modeled  using  Abbott  and  Firestone’s  fully  plastic 
contact  model,  which  assumes  sufficiently  large  contact  pressure  and  no  material  creep 


[15]. 


Single  a-spot  contact  area  and  force  are  defined  using  2.5  and  2.6  [14]: 


A  =  2nRa 


(2.5) 


(2.6) 


where  H  is  the  Meyer  hardness  of  the  softer  material,  A  is  the  contact  area,  R  is  the 
asperity  peak  radius  of  curvature,  and  a  is  the  asperity  vertical  deformation.  The  effective 
contact  area  radius  is  then  related  to  contact  force  by: 


(2.7) 


Fep  =  HA 


An  area  discontinuity  at  the  transition  from  ideal  elastic  to  ideal  plastic  behavior  is 
revealed  when  the  elastic  and  plastic  model  are  used  together. 
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2.2.3  “Classical”  contact  resistance  modeling. 

The  “Classical”  contact  resistance  model  for  diffusive  electron  transport  using 


Maxwell’s  spreading  resistance  theory: 


(2.8) 


where  Rcon  is  the  constriction  resistance  and  p  is  resistivity  [9] .  When  the  contaminate  film 
resistance  is  neglected  the  Constriction  resistance  is  equal  to  the  contact  resistance. 

The  “classical”  macro  switch  contact  resistance  is  shown  in  Equations  2.9  and  2.10 

_1  _1 

and  shows  that  the  elastic  deformation  Rc  oc  and  plastic  deformation  R^oc  [9]. 


(2.9) 


where  Rcde  is  contact  resistance  for  diffusive  electron  transport  and  elastic  material 
deformation  and 


(2.10) 


where  Rcdp  is  contact  resistance  for  diffusive  election  transport  and  plastic  material 
deformation. 

Section  3.6  discusses  the  predicted  contact  resistance  for  the  fixed-fixed 
micro-contact  structure’s  micro-contact  based  on  diffusive  electron  transport  and  elastic 
deformation  with  the  assumption  of  a  simplified  contact  area  and  no  contaminant  films.  It 
was  found  that  when  modeling  contacts  of  different  metals,  values  like  resistance  and 
hardness  were  averaged  [16]. 

2.2.4  Spreading  resistance. 

To  model  spreading  resistance,  Karmalkar  et  al.  developed  a  closed-form  model  to 
predict  accurate  and  complex  calculations  of  circular  and  rectangular  contact  spreading 
resistances  [17].  The  method  was  to  solve  the  three  dimensional  Laplace  equation 
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(2.11) 


A2'P  =  0 

subject  to  the  appropriate  boundary  conditions  in  several  iterations  to  consider  changing 
geometries.  This  is  different  from  Holm,  who  accounted  for  spreading  resistance  as  a  5% 
increase  in  constriction  resistance  [9] .  By  incorporating  the  results  of  the  different 
solutions,  the  resistance  average  was  calculated  [17].  Experimental  tests  revealed  close 
(within  2%)  agreement  with  standard  numerical  analysis  software.  Karmal  et  al.  study 
found  that  the  developed  model  accurately  predicts  all  the  trends  of  resistance,  to  include: 
a  significant  variation  as  a  function  of  the  smaller  electrode  location,  dependence  on  the 
electrode  separation-to-width  ratio,  and  saturation  with  increase  in  the  larger  electrode 
area  for  both  equipotential  and  uniform  current  density  boundary  conditions  [17]. 

Timsit  explored  the  effect  of  constriction  resistance  on  thin  film  contacts  [18].  He 
postulated  that  the  spreading  resistance  of  an  asperity  in  a  thin  film  will  be  drastically 
different  than  of  an  asperity  in  bulk  material  due  to  the  different  boundary  conditions  [18]. 
This  convergence  is  visually  represented  in  Figure  2.2. 

Timist’e  study  revealed  that  the  contact  resistance  for  a  contact  with  two  identical 
films  can  be  immediately  calculated  as  twice  the  spreading  resistance  [18].  Also,  the 
constriction  resistance  between  two  films  of  the  same  thickness,  L,  in  contact  over  a 
constriction  of  radius,  a,  deviates  greatly  from  the  classical  expression,  pjla,  for  two 
contacting  bulk  solids  wherever,  a/ L  0.02  [18].  A  counter-intuitive  discovery  was  shown 
revealing  that  spreading  resistance  in  a  radially-conducting  film  initially  decreases  with 
decreasing  film  thickness  [18].  This  result  is  counter-intuitive  because  the  resistance  of  a 
solid  conductor  increases  with  decreasing  thickness  [18]. 


9 


Figure  2.2:  (a)  Spreading  of  eurrent  streamlines  in  two  ’’bulk”  eonduetors  in  contaet  over  a 
crreular  spot  of  radius  a.  (b)  Spreading  of  current  streamlines  near  a  constriction  between 
two  thin  films  [18]. 


2,2.5  Thin  film  model. 

A  continuation  of  the  spreading  resistance  is  the  Thin  Film  Model  presented  by 
Zhang  et  al.  at  the  Holm  2013  conference  [19].  In  this  paper,  Zhang  et  al.  focus  only  on 
the  thin  film  geometry  shown  in  Figure  2.3,  which  it  was  label  either  as  a  Cartesian 
(rectangular  symmetry)  film  or  as  a  cylindrical  film  [19].  The  thin  film  is  has  a  thickness  h 
an  electrical  resistivity  p.  A  voltage  Vo  is  applied  uniformly  along  the  edge  of  the  thin 
film,  at  y  =  b{r  =  b).  A  grounded  electrode  is  attached  to  the  top  region,  AB,  where  the 
B-coordinates  are  y  =  +a(r  =  a)  in  the  Cartesian  (cylindrical)  geometry.  Following  Holm, 
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Zhang  et  al.  identify  the  terminal  AB  as  the  single  a-spot  [9,  20,  21].  Zhang  et  al.  showed 
that  our  exaet  ealeulation  of  the  spreading  resistanee  for  the  eontaet  geometry  of  Figure 
2.3  yields  insights  for  the  proper  interpretation  of  experimental  measurements  of 
eonstrietion  resistanee  [22-24] .  For  the  eylindrieal  geometery,  Zhang  et  al.  found  that  the 
normalized  spreading  resistanee  ean  be  represented  by: 

Rs  =  —Rs  (2.12) 

Aa  ^ 

where  the  normalized  resistanee  ean  be  shown  in: 


R,  =  1  -2.2968  -  +4.9412  -  -6.1773  - 


ay 


hi 


ay 


hi 

+  3.81l(^)  - 0.8836 0  <  a//?  <  1  (2.13) 


or: 


=  0.28  +  0.05021-1  +  0.0523 


1  <  a/h  <  oo  (2.14) 


Figure  2.3:  Cartesian  (2D  eross-seetional  view)  and  eylindrieal  thin  film.  In  the  eylindrieal 
geometry,  the  vertieal  axis  at  the  eenter  is  the  axis  of  rotation  [19]. 


11 


2.2.6  Resistance  and  contact  modeling. 

While  dealing  with  quantum  theory  to  deseribe  eurrent  flow  through  nano-seale 
asperities  is  being  explored,  some  researehers  are  developing  methods  to  simulate 
eleetrieal  eontaet  resistanee  of  ohmie  switehes  with  Finite  Element  Modeling  (FEM). 
Pennee  et  al.  examined  the  impaet  of  surfaee  roughness  on  the  eleetrieal  eontaet  resistanee 
under  low  aetuation  forees  (from  a  lOnN  to  lOmN)  [25].  An  important  aspeet  of  their 
work  was  to  elearly  define  the  surfaee  roughness  of  the  eontaet.  Common  praetiee  is  to 
take  the  average  radius  of  eurvature  of  the  asperities,  whieh  is  determined  by  a 
measurement  of  the  surfaee  profile  [26].  The  drawbaek  to  this  method  is  that  the 
determination  of  the  average  radius  is  subjeetive  to  the  seale  of  the  observation,  and  is  also 
limited  by  the  measurement  resolution  [27,  28].  In  order  to  elearly  define  the  surfaee 
roughness  of  the  eontaet,  three  methods  were  examined:  statistieal,  fraetal,  and 
deterministie  [25].  A  statistieal  approaeh  is  based  on  a  stoehastie  analysis,  whieh  ean  be 
limited  to  the  resolution  of  the  measuring  instrument  [25].  A  fraetal  method,  on  the  other 
hand,  random  surfaee  texture  is  eharaeterized  by  seale-independent  fraetal  parameters 
[25].  The  deterministie  approaeh  was  ehosen  due  to  its  elosest  representation  of  the  aetual 
surfaee  [25,  29].  Deterministie  methods  eapture  diserete  data  points  for  real  heights  on  the 
surfaee  whieh  avoids  assumptions  of  the  miero  geometry  of  the  a-spots  [25].  Kogut  states 
that  even  though  there  are  several  methods  to  model  eontaeting  rough  surfaees,  the  most 
eonvenient  one  is  the  probabilistie  approaeh  [29] .  This  approaeh  replaees  the  two  rough 
surfaees  by  a  smooth  surfaee  in  eontaet  with  an  equivalent  rough  surfaee,  replaeing 
asperities  with  simple  geometrie  shapes,  and  assuming  a  probability  distribution  for  the 
asperity  parameters  [30] .  The  probabilistie  model  was  developed  by  Greenwood  and 
Williamson  for  elastie  eontaets  [31]. 

As  shown  in  Figure  2.4,  using  an  AFM,  the  team  was  able  to  eapture  3-D  data  points 
of  eontaet  bumps  and  apply  a  low  resolution  mesh  in  order  to  quiekly  determine  the 
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effective  contact  area  under  lOOjuN  of  force  [25].  By  stepping  up  the  resolution  for  the 
effective  contact  area  to  the  effective  computation  memory  limits,  Pennec  et  al.  were  able 
to  model  a  contact  resistance  in  agreement  with  previous  measurements[25].  While  their 
method  did  not  take  into  account  contaminant  films,  the  results  show  that  including  the 
fine-scale  details  of  the  surface  roughness  must  be  taken  into  account  when  calculating 
contact  resistance  [25].  However,  while  AFM’s  can  achieve  Inm  resolution  of  surfaces, 
the  number  of  contact  elements  and  definition  of  elastic-plastic  materials  in  the  model  can 
prevent  the  calculations  from  succeeding  due  to  computer  memory  limitations  [25]. 
Conclusive  evidence  is  given  that  reducing  the  sampling  interval  from  Inm  to  lOnm  is 
sufficient  for  the  calculation  of  electrical  contact  resistance  [25]. 


Figure  2.4:  Geometry  of  finite  element  mesh  in  rough  contact  bump  [25]. 


Similar  to  fractal,  Jackson  et  al.  considered  multi-scale  roughness  to  be  sinusoids 
stacked  into  layers  to  represent  the  rough  surface  [32].  While  discrepancies  exist  between 
the  statistical  methods  and  layered  sinusoids,  Jackson  et  al.  was  able  to  show  similarities 
for  both  elastic  and  elastic-plastic  deformation  [32] .  The  model  is  very  much  in  agreement 
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with  standard  methods  until  higher  force  loads  are  reached  [32] .  However  this  model 
differs  at  higher  loads,  when  the  contact  radius  is  relatively  large  compared  to  the  asperity 
tip  radius  [32].  This  method  of  stacking  sinusoids  however  is  not  limited  to  contact 
resistance  but  is  also  employed  to  model  adhesion  [33].  The  stacked  sinusoids  allow  for  a 
more  practical  representation  of  a  multiscale  surface,  where  the  classical  approximation 
for  area  is  a  simplified  model  that  typically  bundles  asperities  into  a  few  contact  areas  as 
shown  in  Figure  2.1  [33]. 

2,2. 7  Resistance  and  Contact  Modeling  Conclusions. 

For  contact  resistance  modeling,  contact  material  deformation  and  the  effective 
contact  area  radius  are  the  two  primary  considerations  [34].  An  assumption  that  individual 
a-spots  are  sufficiently  close  and  that  a  single  effective  area  model  is  typically  made  to 
determine  specific  electron  transport  regions  by  comparing  the  effective  radius  and  mean 
free  path  of  an  electron  [34] .  As  presented  in  this  section,  the  use  of  area  models  to 
characterize  the  surface  topology,  describing  the  appropriate  effective  area  for  modeling  is 
difficult.  From  the  modeling  of  the  surface  using  statistical,  deterministic,  sinusoidal,  or 
fractal  means  to  the  models  of  contact  resistance  based  on  all  the  deformation  modes,  the 
development  of  a  thin  film  will  widen  the  variance  between  simulated  and  actual  results. 
Contact  materials  also  have  an  integral  role  in  determining  the  performance  and  reliability 
of  micro-switches.  Material  properties  influence  the  contact  resistance  and  performance. 
Due  to  the  low  resistivity.  Gold,  palladium,  and  platinum  are  commonly  used  [35].  Due  to 
the  fact  that  these  materials  are  very  soft  and  wear  easily,  other  materials,  allows  and 
combination  materials  have  been  examined  for  their  effectiveness  at  lengthening  the 
lifecycle  and  the  performance  of  the  contact.  Some  examples  of  materials  used  include 
Au,  Pt,  Ru,  RuOi  Rh,  Ni,  were  compared  in  mixed  configurations  to  try  and  increase 
reliability  [36,  37]. 
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2.3  Beam  modeling 


Jlfi-A- 


1/2 - 4 - U2 


X 


Figure  2.5:  Fixed  fixed  beam  model  [38]. 


In  order  to  determine  the  foree  required  to  make  eontaet  using  the  fixed-fixed  beam 
micro-eontact  support  strueture,  the  miero-eontact  support  strueture  is  modeled  as  a 
simple  fixed-end  beam  with  a  concentrated  load,  F,  at  the  midpoint.  Figure  2.5  shows  the 
simplified  beam’s  moment  diagram.  Because  of  beam  symmetry  and  F  in  the  vertical 
direction,  the  moments  on  either  end  of  the  beam  are  equivalent  and  lead  to: 


(0  <  X  <  ^). 


(2.15) 


Mohr’s  theorems  provide  the  relationship  between  the  moment  M,  Young’s  modulus 
E,  inertia  7,  and  rate  of  change  for  deflection  6: 


EI'S  =  M  = - Ml 

2 


(0  <  X  <  ^). 


(2.16) 


Integrating  2.16  twice  to  obtain  deflection  6  gives: 
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EI6  = 


(2.17) 


Fx^  Mix^ 
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+  Cix  +  C2 


(0<x<  ^). 


Boundary  conditions  and  symmetry  reveal: 


Cl  =  C2  =  0 


(2.18) 


FL 

M\  —  —  —  M2 
8 

Substitution  of  2.18  and  2.19  into  2.17  provides  the  defleetion  equation: 


(2.19) 


FX^ 


(0  <  X  <  |) 


(2.20) 


Maximum  defleetion  is  found  at  a:  =  whieh  reveals: 


S  = 


FL^ 

192FI 


(2.21) 


where  6  is  deflection,  F  the  applied  center  load,  L  the  length  of  the  beam,  F  the 
Young’s  modulus  of  the  beam  material,  and  7  is  the  moment  of  inertia  [38].  The  moment 
of  inertia  is  given  by: 


I  = 


wt^ 

u 


(2.22) 


where  w  is  the  width  of  the  beam  and  t  is  the  thiekness  of  the  beam  [38].  Further 
investigation  into  the  beam  thickness  and  foree  required  to  close  can  be  found  in  the 
Analysis  ehapter. 
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2.4  Device  fabrication  techniques 

MEMs  is  defined  by  Lee  as  “systems  that  eonsist  of  small  seale  eleetrieal  and 
meehanieal  eomponents  built  for  a  speeifie  purpose”  [39].  MEMs  fabrieation  ean  be 
separated  into  three  eategories,  bulk  mieromaehining,  surfaee  mieromaehining,  and 
mieromolding.  The  following  seetions  will  diseuss  eaeh  of  these  three  fabrieation 
teehniques. 

2.4.1  Surface  mieromaehining. 

Lee  deseribe  surfaee  mieromaehining  as  “formation  of  a  struetural  layer  on  a 
saerifieial  strueture  and  removal  of  the  saerifieial  layer  to  form  a  strueture”  [39].  These 
struetures  ean  be  formed  using  a  eombination  of  photolithography,  film  deposition,  and 
etehing.  Photolithography  was  used  to  imprint  desired  patterns  to  form  the  shapes  of 
struetures  either  through  etehing  or  deposition.  This  surfaee  mieromaehining  was  used  in 
many  portions  of  this  researeh. 

2.4.2  Bulk  mieromaehining. 

Lee  defined  bulk  mieromaehining  as  “direet  maehining  of  bulk  material”.  This  bulk 
mieromaehining  is  done  with  an  etehing  proeess.  The  art  of  seleetively  removing  preeise 
amounts  of  silieon  from  a  substrate  has  been  thoroughly  studied,  and  is  used  to  fabrieate 
membranes,  trenehes,  holes,  and  undereut  surfaee  struetures  [39].  Liquid  or  “wet”  etehing 
or  “dry”  etehing  teehniques  are  used  to  form  either  isotropie  or  anisotropie  eteh  profiles. 
Wet  etehing  typieally  involves  aqueous  ehemistry,  typieally  aeids  in  bases  in  whieh  the 
bulk  silieon  is  submerged  [39] .  Dry  etehing  does  not  submerge  the  wafer  in  a  liquid  and 
eonsists  of  vapor  and/or  plasma  [39].  Bulk  mieromaohining  was  used  in  the  proeessing 
involving  gray-seale  lithography  and  etehing  whieh  will  be  diseussed  in  more  detail  in  the 
next  seetion. 
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2.4.3  Micromolding. 

A  third  process,  known  as  micromolding,  builds  a  polymer  mold  with  subsequent 
material  deposition  into  the  mold  volume  to  form  a  structure  [39] .  These  devices  are  then 
released  from  the  molds.  These  molds  can  either  be  a  one  time  used  or  made  for  multiple 
uses.  Micromolding  was  not  used  in  the  research. 

2.5  Device  fabrication  used  for  research 

The  following  section  discusses  the  fabrication  used  during  this  research.  Including 
the  fabrication  of  polyMUMPs  devices,  fixed-fixed  beam  and  gray-scale  lithography. 

2.5.1  PolyMUMPs  fabrication. 

The  PolyMUMPs  process  is  a  three-layer  polysilicon  surface  micromachining 
process  that  is  available  for  MEMS  engineers  to  have  their  designs  fabricated;  one  layer  of 
polysilicon  is  used  as  a  ground  layer  and  the  other  two  are  mechanical  layers  [40].  The 
process  includes  a  total  of  seven  layers,  with  the  remaining  four  layers  being  metal  layers 
and  sacrificial  oxide  layers,  as  shown  in  Figure  2.6  [40]. 

Nitride  is  used  as  an  electrical  isolation  layer  between  the  polysilicon  (poly)  layers 
and  the  substrate.  The  oxide  layers  are  used  as  sacrificial  layers  while  the  poly  0  layer  is  a 
ground  layer  and  poly  1  and  poly  2  are  structural  layers.  The  metal  layer  is  a  gold  layer 
which  is  commonly  used  for  electrical  contact  pads  and  electrical  wiring. 

2.5.2  Fixed-fixed  beam  micro-contact  support  structure. 

The  fixed-fixed  beam  micro-contact  support  structure  is  fabricated  using  surface 
micromachining  processes.  Surface  micromachining  involves  depositing,  patterning,  and 
etching  sacrificial  and  structural  layers.  A  structure  made  by  surface  micromachining  is 
released  when  sacrificial  layers  are  removed  and  the  structural  layers  remain.  Figure  2.7 
shows  the  surface  micromachining  process  used  to  fabricate  the  fixed-fixed  beam 
micro-contact  structure  [8]. 
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Figure  2.6:  Cross-section  of  Poly  MUMPS  seven  process  layers  [40]. 


(a)  Clean  Si  Substrate 


(b)Nitride  Deposition 


(c)SF-li  Photoresist 


(f)180S  Developed  (g)  Gold  Deposition 

SF-ilExposedto  DUV 
SF-il  Developed 


(h)  Lift -Off  and 
Photoresist  Removal 


(k)1805  Developed  (l)SF-llExposedtoDUV  (m)i805  Removal 

SF-il  Developed 


(p)  1805  Developed  (q)  1805  Removal  (r)  Gold  Deposition 


(u}AZ3350  Developed  (v)GoidElectroplate 


(w)AZ3350  Removal 


(d>1805  Photoresist  {e)UVExposure 

{Patterning) 


(i)Two  layers  of  SF-ll  (j)UV  Exposure 

and  1805  Photoresist 


(n)  1805  Photoresist  (o)  UV  Exposure 


(s)AZ3350  Photoresist 

(x)GoldEtch  (y)Release 


Figure  2.1  \  Surface  micromachining  process  for  fixed-fixed  beam  micro-contact  support 
structure  [8]. 
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Beginning  with  (a),  a  silicon  substrate  is  cleaned  before  a  layer  of  nitride  is  deposited 
(b).  The  nitride  layer  acts  as  an  electrical  isolation  layer.  In  (c)  and  (d),  a  layer  of  SF-1 1 
photoresist  and  1 805  photoresist  is  established  on  the  surface  of  the  nitride  coated  wafer. 
The  1805  serves  as  a  mask  for  patterning  the  layer  of  SF-1 1.  In  (e),  the  1805  is  patterned 
by  a  mask  and  exposed  to  ultraviolet  light.  The  ultraviolet  light  breaks  the  chemical  bonds 
of  the  photoresist  in  the  exposed  areas  and  allows  the  exposed  1 805  to  be  developed  away 
(f).  After  the  1805  is  developed,  the  exposed  SF-11  is  subjected  to  deep  ultra  violet 
light  (DUV)  which,  similar  to  the  1805,  breaks  the  chemical  bonds  of  the  exposed  SF-11 
and  allows  the  exposed  area  to  be  removed.  A  gold  layer  is  then  deposited  in  (g). 
Following  deposition,  the  remaining  gold  is  lifted  off  and  all  photoresist  is  removed  (h). 
What  remains  in  (h)  is  the  bottom  metal  layer  of  the  fixed-fixed  beam  micro-contact 
support  structure. 

For  the  mechanical  layer  of  the  fixed-fixed  beam  micro-contact  support  structure,  two 
layers  of  SF-11  and  a  layer  of  1805  photoresist  are  coated  on  the  wafer.  The  1805  is 
patterned  and  developed  in  (j)  and  (k)  and  then  the  SF-11  is  exposed  to  DUV  and 
developed  away  (1).  The  1805  is  then  removed  in  (m)  and  1805  is  placed  on  the  wafer  in 
(n).  This  process  allows  for  the  patterning  of  the  micro-contact  bump.  The  1805  is 
patterned  and  developed  and  the  exposed  SF-11  is  exposed  again  to  a  partial  DUV  to 
establish  the  micro-contact  bump  (o)  and  (p).  In  (q),  the  1805  is  removed  and  Au  is 
sputtered  in  (r)  as  a  seed  layer  for  electroplating.  AZ  3350  photoresist  is  applied  in  (s)  and 
patterned  (t)  and  developed  (u)  for  electroplating  (v).  Once  the  desired  amount  of  Au  has 
been  electroplated,  the  AZ  3350  is  removed  (w).  To  remove  the  seed  layer,  an  Au  etch  is 
performed  (x).  To  release  the  device,  the  sacrificial  SF-11  is  removed  (y).  Pictures  and 
descriptions  of  the  masks  used  in  this  process  that  was  modified  from  previous  research 
can  be  found  in  Appendix  D  [8]. 
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2.5.3  Grayscale  lithography. 

The  ability  to  develop  3D  miero-structures  is  of  great  importanee  for  inereasing 
optical  and  electro-mechanical  device  performance.  Previous  technologies  used  multiple 
direct  writing  and  photolithography  steps,  or  customized  equipment  [41-43].  However, 
these  technologies  are  restricted  to  a  limited  range  of  shapes  and  do  not  utilize  batch 
processing.  Gray-scale  technology  has  emerged  and  has  enabled  the  development  of 
arbitrary  3D  micro-structures  in  various  materials  [43-45].  Use  of  gray-scale  technology 
allows  3D  shaping  of  silicon  to  be  performed  in  a  single  photolithography  step  with 
subsequent  dry  etching  [46]. 

Gray-scale  lithography  utilizes  an  optical  mask  patterned  with  varying  intensities  of 
gray  pixels  and  spacing.  This  optical  mask  combined  with  laser  lithography  allows  a 
uniform  intensity  on  the  photoresist  surface  across  the  pattered  region.  Changing  the  size 
of  the  pattern  and  color  of  the  gray,  changes  the  intensity  of  the  laser  power;  with  each 
distinct  power  level  corresponding  to  a  gray  level.  The  height  profile  in  the  photoresist 
after  development  (composed  of  photoresist  gray  levels)  will  depend  upon  the  incident 
intensity,  time  of  exposure,  and  photoresist  contrast. 

Gray-scale  optical  masks  were  designed  and  developed  for  a  Heidelberg  lithography 
system  to  produce  various  structures  in  positive  photoresist  for  characterization  of  the 
profile.  The  gray  levels  were  patterned  on  the  optical  mask  by  varying  the  size  of 
structures.  Due  to  machine  limitations,  only  100  of  the  255  gray  color  variations  are  used 
to  produce  100  unique  height  levels  exist  within  the  chosen  method  of  patterning  [47]. 
This  can  lead  to  a  stepped  profile  in  the  photoresist  [47].  Also  included  on  the  optical 
masks  were  features  to  measure  non-uniformity  in  the  photoresist:  fully  exposed  level 
heights  and  a  opaque  region  (no  exposure).  These  features  will  provide  information 
regarding  the  uniformity  of  the  photoresist.  The  gray  level  features  include  non-uniformity 
coming  from  all  steps:  photoresist  spinning,  exposure,  and  development  [41]. 
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2.6  Contact  materials  for  performance  and  reliability 

As  discussed  in  Section  2.2  on  resistance  modeling,  material  properties  can  have  an 
impact  on  contact  resistance.  The  inherent  properties  of  the  material  chosen  for  the 
contact  are  important  to  the  life-cycle  of  the  contact.  Some  material  properties  that  are 
taken  into  account  when  selecting  materials  included  resistivity,  oxidation  properties, 
hardness,  and  melting  points.  In  general,  contacts  are  desired  to  have  excellent  electrical 
conductivity  for  low  loss,  high  melting  point  to  handle  the  heat  dissipated  from  power 
loss,  appropriate  hardness  to  avoid  material  transfer,  and  chemical  inertness  to  avoid 
oxidation  [48].  In  this  section  the  discussion  of  materials  will  be  discussed  in  two 
sections,  metals  and  use  of  carbon  nanotubes  (CNT)  in  micro-contacts 

2.6.1  Metals. 

Due  to  its  low  electrical  resistivity  and  low  sensitivity  to  oxidation,  gold  is  widely 
used  as  a  contact  material  in  MEMS  [49].  To  also  take  advantage  of  other  material 
properties,  alloys  are  often  used.  These  alloys  can  be  created  to  take  advantage  of  material 
properties  to  minimize  the  effect  of  material  transfer  [3].  As  seen  in  Figure  2.8  and  Figure 
2.9,  Au-Ni  alloy  contact  resists  material  transfer  better  than  an  Au-Au  contact  [3]. 

McGruer  et  al.  showed  that  ruthenium  (Ru),  platinum  (Pt),  and  rhodium  (Rh)  were 
susceptible  to  contamination  and  the  contact  resistance  increased  after  a  characteristic 
number  of  cycles,  while  gold  alloys  with  a  high  gold  percentage  showed  no  contact 
resistance  degradation  under  the  same  test  conditions  [3,  50].  Similarly,  Coutu  et  al. 
showed  that  alloying  gold  with  palladium  (Pd)  or  Pt  extended  the  lifetimes  of 
micro-switches  with  only  a  small  increase  in  contact  resistance  [14]. 

Broue  et  al.  characterized  upper  and  lower  contact  materials  of  Au/Au,  Au/Ru,  and 
Ru/Ru  by  examining  the  temperature  of  the  contact  with  power  applied  to  determine  its 
performance  limitations  [37].  The  contact  with  the  best  performance  was  the  Au/Ru 
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Figure  2.8:  Au  on  Au  contact  scanning  electron  microscope  images  of  contact  surfaces. 
Left:the  top  electrode.  Right:the  bottom  electrode  [3]. 


Figure  2.9:  Au-Ni  alloy  contacts  scanning  electron  microscope  images  of  contact  surfaces. 
Left:the  top  electrode:  Right  is  the  bottom  electrode  [3]. 


combination  contact,  where  the  contact  temperature  increased  with  the  current  level 
without  reaching  a  maximum  [37].  An  explanation  to  the  difference  in  performance  was 
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offered  that  the  contact  temperature  of  the  Au/Ru  contact  is  more  stable  because  the 
softening  temperature  is  theoretically  not  reached  for  the  same  contact  current  [37]. 

In  the  interest  of  exploring  the  limitations  of  Ru,  Fortini  et  al.  compared  how  asperity 
contacts  form  and  separate  in  gold  and  ruthenium  [51].  Their  technique  established  an 
appropriate  interatomic  potential  in  order  to  apply  the  Molecular  dynamics  simulation. 
Molecular  dynamics  simulation  is  a  powerful  tool  for  studying  defect  formation, 
deformation,  and  adhesion  on  the  nano-scale  level  [51].  The  Molecular  dynamics 
technique  enabled  the  team  to  understand  the  formation  and  separation  of  nanoscale 
asperity  contacts  by  simulating  the  motion  of  the  atoms  [51].  The  simulations  showed  that 
Ru  was  ductile  at  T=600K  and  more  brittle  at  T=300K,  where  it  separated  by  a 
combination  of  fracture  and  plasticity  [51].  Gold  exhibited  ductile  behavior  at  both 
T=150Kand  T=300K  [51]. 

Another  metal  is  the  use  of  conductive  oxides,  such  as  RuOi.  In  thin  film  form,  RuOi 
is  a  stable  conducting  oxides  in  rutile  structure  [52].  A  relatively  low  resistivity  value  of 
40mQ  ■  cm  for  a  sputtered  RuOi  film  has  been  reported  [52].  Futher  Lee  et  al.  reported 
that  Ru  and  RuOi  electrode  prepared  by  dc  sputtering  in  an  Ar/02  mixture  ambient 
exhibited  low  contact  resistance  [53]. 

2.6.2  Use  ofCNTs  in  micro-contacts. 

Despite  carbon  being  a  key  component  of  frictional  polymers,  Yaglioglu  et  al. 
examined  the  electrical  contact  properties  of  CNT  coated  surfaces  [54]  .  The  high  Young’s 
Modulus  and  potential  for  low  resistance  of  CNTs  make  them  suitable  candidates  for 
micro-switch  contacts.  For  instance,  Au  contacts  with  a  substrate  coated  with  tangled 
single-walled  CNTs  were  shown  to  have  a  resistivity  between  1  x  10“^  and  1.8  x 
[54].  Yunus  et  al.  explored  two  contact  pairs  with  carbon  nanotubes:  Au  to  multiwall 
carbon  nano  tubes  (MWCNTs),  where  one  electrode  is  Au  and  the  other  is  MWCNTs,  and 
Au  to  Au/MWCNT  composite  in  a  vertical  configuration,  where  the  contact  interface  is 
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Au  on  Au  [55].  Figure  2.10  shows  an  SEM  image  of  the  Au/MWCNT  composite.  This 
vertical  configuration  differs  from  the  CNT  clumps  discussed  earlier,  as  the  CNT  clumps 
have  no  set  direction. 
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Figure  2.10:  Scanning  electon  microscope  image  of  2-4/im  of  Au  coating  on  multi-walled 
carbon  nanotubes  [55]. 


A  study  was  conducted  by  Choi  et  al.  to  explore  the  current  density  capability  of  a 
CNT  array  with  an  average  CNT  diameter  of  1 .2nm,  site  density  of  2CNT him,  and  the 
number  of  CNTs  for  devices  with  l//m  channel  width  ranged  from  one  to  three  [56].  It 
was  reported  that  a  high  current  density  of  330A/cm^  at  lOV  bias  was  successfully 
transmitted  through  the  contact  without  any  noticeable  degradation  or  failure  [56].  A 
reliability  test,  as  seen  in  Figure  2.1 1,  with  an  input  current  of  1mA  showed  repeatable  and 
consistent  contact  characteristics  over  a  million  cycles  of  operation  [56]. 

Additional  information  regarding  the  use  of  CNTs  in  micro-contacts  can  be  found  in 
research  done  previously  at  AFIT  [57] 
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Figure  2.11:  Reliability  test  results  shown  the  resistance  change  over  l.lvlO^  cycles  at 
1mA  in  non-hermetic  environment  [56]. 


2.7  Failure  modes  and  reliability 

Failures  can  be  separated  into  three  categories,  cold  switch  failure,  hot  switch  failures 
and  contaminate  failures.  Cold  switching  is  a  term  that  represent  switching  where  power 
is  applied  only  when  the  contact  is  in  the  closed  position.  Conversely,  hot  switching  is 
where  power  is  applied  to  the  switch  when  the  contact  is  opening  and/or  closing.  An 
in-depth  review  of  failure  modes  can  be  found  in  Toler  et  al.  [57].  In  this  section  it  will 
focus  on  stiction,  fretting,  material  transfer,  electromigration  and  contaminant  films. 

2.7.1  Stiction. 

Stiction,  or  adhesion,  is  a  failure  mode  which  is  caused  by  capillary,  electrostatic, 
chemical  and  van  der  Waals  forces  [58].  Adhesion  can  be  described  by  Hertz, 
Johnson-Kendall-Roberts  (JKR),  or  Derjaguin-Muller-Toporov  (DMT)  models  [59].  The 
Hertz  model  is  traditionally  used  for  modeling  elastic  adhesion  between  non-deformable 
surfaces  [59].  For  deformable  surfaces,  the  JKR  or  DMT  model  is  utilized.  The  JKR 
model  accounts  for  surface  energy  of  the  contacting  surfaces  and  is  valid  for  soft  elastic 
materials  with  higher  surface  energies  [59].  The  DMT  model  emphasizes  the  cohesive 
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forces  at  the  contact  periphery  and  is  valid  for  hard,  stiff  solids  with  low  surfaee  energies 
[59].  These  two  models,  JKR  and  DMT,  represent  the  two  extreme  cases  in  adhesion 
interactions  and  most  materials  lie  between  these  two  models  [59].  Another  model  was 
developed  by  Wu  et  al.  to  prediet  stietion  due  to  van  der  Waal  forees  [60] .  The  key 
advantage  for  this  model  is  that  it  aeeounts  for  a  wide  variety  of  parameters  sueh  as 
surface  topography,  or  surface  cleanliness,  while  still  enabling  complete  modeling  of  the 
larger  MEMS  structures  using  Finite  Element  Methods  (FEM)  [60].  The  disadvantage  of 
this  approach  is  the  absence  of  the  effect  due  to  capillary  forces  [60]. 

2.7.2  Fretting. 

Another  type  of  eold  switeh  failure  is  fretting.  Fretting  is  a  form  of  struetural  fatigue 
whieh  is  defined  as  aeeelerated  surfaee  damage  oeeurring  at  the  interfaee  of  eontaeting 
materials  whieh  is  subjeeted  to  small  oseillatory  movements  [61].  Braunovie  et  al.  state 
that  the  laek  of  published  information  of  failures  caused  by  fretting  is  due  to  the  fact  that 
fretting  is  a  “time -related  process  eausing  an  appreciable  effeet  only  after  a  long  period  of 
time  as  a  result  of  aeeumulation  of  wear  debris  and  oxides  in  the  eontaet  zone”.  The 
fretting  eondition  also  is  signifieantly  infiueneed  by  eontaet  foree.  As  eontaet  foree  is 
inereased,  the  eontaet  resistanee  deelines.  This  deeline  eontinues  until  the  insulating  layer 
forms  from  wear  debris  and  the  formation  of  an  oxide  .  This  insulating  layer  prohibits  the 
eontinued  increase  of  foree  to  lower  resistance  [61]. 

2. 7.3  Material  transfer  and  electromigration. 

Many  of  these  failures  stem  from  the  large  temperature  rise  which  occurs  in  a  contact 
region  when  the  eontaet  area  is  small,  and  only  a  few  a- spots  are  in  eontaet  [1].  This 
inereased  eontaet  temperature  at  these  loealized  spots  may  eause  softening  of  the  metal 
and  lead  to  bridge  transfer.  Bridge  transferring  ean  eause  internal  stresses  in  the  eontaet 
and  eause  the  metal  to  crack  [61].  Cracking  leads  to  limited  conduetion  paths  and  areas  to 
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promote  non-conducting  oxides  and  contaminates  to  form,  ultimately  leading  to  failure  of 
the  contact  [61]. 

Electromigration  is  another  form  of  material  transfer  which  can  cause  micro-switch 
failure.  Electromigration  is  defined  as  ’’the  forced  motion  of  metal  ions  under  the 
influence  of  an  electric  field”  [62].  As  electromigration  occurs,  voids  form  and  ultimately 
these  voids  cause  device  failure  [62] .  Braunovic  states  that  an  increase  in  current  density 
in  the  a-spots  can  be  substantial  and  create  the  right  conditions  for  electromigration  to 
occur  [62]. 

2.7.4  Contaminant  film. 

Another  type  of  failure  mode  is  the  development  of  contaminant  film  development 
such  as  frictional  polymers.  Metals  most  susceptible  to  the  development  of  frictional 
polymers  are  the  platinum  group  metals  and  any  other  “catalytically  active  metal”  [61]. 
Holm  points  out  that  thin  films,  like  oxides,  develop  over  time  on  the  contact  surface  and 
act  as  insulators,  greatly  increasing  contact  resistance  [63].  The  same  is  true  for 
micro-switches.  The  effects  of  the  films  which  develop  on  a  micro-contact  are  orders  of 
magnitude  greater  than  those  on  macro  scale  contacts.  Eilms  on  micro-contacts  can  render 
the  contact  useless  and  disabled.  A  particularly  damaging  film  is  the  development  of  a 
frictional  polymer  [61].  Erictional  polymers  are  organic  films,  sometimes  referred  to  as 
deposits,  that  develop  on  commonly  used  contact  materials  when  there  are  low  levels  of 
organic  vapors  or  compounds  evident  in  the  operating  environment  of  the  contact  [61]. 

2.8  Chapter  summary 

This  review  provides  insight  into  the  properties  and  concepts  necessary  for  designing 
micro-electrical  contacts  for  DC  and  RE  MEMS  switches.  The  basic  theories  behind  the 
aspects  of  contact  resistance  modeling,  contact  materials,  and  failure  modes  are  discussed 
and  explored.  A  survey  of  the  challenges  for  these  areas  in  ohmic  contacts  is  provided. 
Complete  models  of  contact  resistance  for  various  deformation  models  are  shown.  The 
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decision  for  contact  materials  is  investigated  by  examining  the  impact  of  material 
properties  on  the  characterization  of  the  contact.  The  next  chapter  will  provide  insight  into 
the  methods  used  to  test  these  micro-contacts. 
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III.  Methodology 


3.1  Chapter  overview 

When  collecting  data  for  investigating  the  evolution  of  the  micro-contact,  it  is 
important  to  have  a  methodical  and  succinct  process  to  produce  reliable  and  repeatable 
data.  This  chapter  describes  the  research  methodology  used  to  explore  and  characterize 
the  evolution  of  micro-contacts  over  their  lifetime  of  performance.  The  methodology  will 
include  describing  the  test  stand,  the  types  of  test  to  be  performed,  the  micro-contact 
support  structure,  contact  modeling  and  the  types  of  post  test  examinations  that  will  be 
performed. 

3.2  Test  stand 

The  test  stand  was  designed  to  characterize  the  performance  over  the  lifetime  of  a 
micro-contact.  The  test  stand  consists  of  a  nitrogen  environment  that  still  allows  for 
manipulation  of  the  micro-contact  and  connections  to  be  able  to  monitor  the  contact 
throughout  testing. 

The  test  stand  allows  for  rapid  actuation  of  a  micro-contact  with  a  known  force  and 
frequency.  A  Femto  Tools  FT-S270  force  sensor  was  used  to  determine  the  amount  of 
force  applied  to  the  micro-contact  test  structure.  A  Thorlabs  BPC301  piezo  motor  and 
controller  was  used  to  apply  force  to  the  micro-contact  and  to  actuate  the  sensor  towards 
the  micro-contact  support  structure.  Micro-manipulators  were  used  to  align  the  force 
sensor  with  the  micro-contact  support  structure. 

Testing  in  a  nitrogen  environment  reduces  the  opportunity  for  oxides  and  other 
organic  films  to  develop  prematurely  and  simulates  a  hermetic  environment  that  a 
micro-contact  would  normally  operate  in. 
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The  micro-test  structure  fixture  is  a  fabricated  device  on  a  wafer  that  is  attached  to  a 


carrier  using  crystal  bonder.  The  micro-contact  test  structure  was  then  wire  bonded  to  the 
breakouts  of  the  carrier  to  make  it  easier  to  measure  the  current  and  voltage  across  the 
contact.  This  configuration  also  reduces  the  probability  of  physically  interacting  with  and 
changing  the  surface  of  the  micro-contact  test  structure  and  removes  the  necessity  for 
probes.  The  wafer  was  wire  bonded  to  the  carrier  and  placed  into  the  carrier  socket  which 
has  pins  for  every  wire  bond.  These  pins  were  wire  wrapped  separately  and  the  wires  were 
guided  outside  of  the  enclosed  test  fixture.  Micro-manipulators  are  available  in  the  x,  y 
and  z  axes  to  allow  for  the  alignment  of  the  force  sensor  with  micro-contact.  This 
configuration  is  shown  in  Figure  3.1. 


Figure  3.1:  Test  stand,  showing  major  components  encased  in  a  nitrogen  environment. 
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Using  this  test  stand,  three  types  of  tests  were  performed,  the  initial  eontaet  test,  eold 
switeh  test  and  hot  switeh  test. 

3.3  Equipment  upgrade 

This  researeh  started  with  the  task  of  upgrading  of  the  test  equipment.  It  was  found  in 
previous  researeh  with  the  test  equipment  that  many  of  the  test  runs  had  a  minimum 
eontaet  value  around  0.2f2  [64,  65].  One  of  the  possible  explanation  for  this  was  that  the 
measurement  of  the  eurrent  through  and  voltage  aeross  the  miero-eontaet  was  near  the 
measurement  floor  of  the  Agilent  equipment.  It  was  determined  that  an  equipment 
upgrade  was  needed.  The  upgrade  was  to  National  Instruments  (NI)  deviees,  this  was  due 
to  the  integration  between  NI  and  Lab  VIEW  software,  as  well  as  the  modular  aspeets  of 
the  NI  equipment.  The  NI  equipment  eomes  as  eards  that  ean  be  added  to  boxes  so  that 
eaeh  box  ean  be  eustomized  to  the  needs  of  the  user.  The  boxes  inelude  power,  eomputer 
eommunieations,  and  intereonneets  buses  between  eards  for  triggering  and  eloek 
synehronization.  The  following  equipment  was  purehased: 

•  NI-4070  digital  multimeter  to  measure  the  voltage  aeross  the  eontaet  with  a 
measuring  range  used  in  this  testing  of  IV  it  has  a  resolution  of  l/iV. 

•  NI-4072  digital  LCR  multimeter  to  measure  eurrent  through  the  eontaet  with  a 
range  used  in  this  testing  of  20mA  and  a  resolution  of  lOnA. 

•  NI-5402  arbitrary  Funetion  Generator  was  used  to  drive  the  piezoeleetrie  aetuator 
during  eyele  testing  when  the  piezoeleetrie  aetuator  is  moved  in  response  to  an  input 
waveform.  The  waveform  used  in  this  test  was  a  sine  wave. 

•  NI-5402  arbitrary  funetion  generator  was  used  to  drive  signal  aeross  the 
miero-eontaet  during  eyeling.  The  waveform  used  in  testing  for  this  was  a  square 
wave. 
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•  NI-4110  programmable  DC  power  supply  was  used  during  measurement  eyeles  for 
applying  the  potential  aeross  the  miero-eontaet.  During  testing  the  system  was  set 
up  with  a  eonstant  eurrent  of  0.02mA  with  a  max  applied  volage  of  IV. 

With  this  equipment,  the  deviees  displayed  a  mueh  lower  eontaet  resistanee  than 
previously  observed. 

3.4  Types  of  tests 

The  following  is  an  overview  of  the  tests  that  the  fixture  ean  preform.  A  more 
in-depth  review  of  the  Labview  program  and  the  types  of  test  preformed  ean  be  found  in 
Appendix  F 

3.4.1  Initial  contact  testing. 

The  initial  eontaet  test  applies  a  load  to  the  miero-eontaet  and  determines  the  amount 
of  foree  needed  to  initiate  surface  contact.  For  this  research,  the  initial  contact  test  was 
applied  for  every  cycle  that  required  a  measurement.  The  step  size,  time  interval,  and 
maximum  applied  force  was  set  and  the  system  incremented  the  force  sensor  in  the  set 
step  size  until  the  force  sensor  limit  was  reached.  At  each  increment,  voltage,  current,  and 
force  measurements  were  recorded.  Following  the  virgin  contact  test,  either  a  cold  or  hot 
switch  test  could  be  performed  to  examine  failure  modes. 

3.4.2  Cold  switch  testing. 

Cold  switching  promotes  the  mechanical  failure  of  the  micro-contact  by  applying 
current  only  when  contact  is  already  made  and  removing  current  before  contact  break; 
thereby  reducing  the  probability  of  electrical  failure  modes.  For  the  cold  switch  program, 
the  micro-contact  is  first  closed  before  current  is  applied.  With  the  contact  closed,  the 
desired  current  level  is  applied  to  the  micro-contact  and  the  current  and  voltage  is 
measured.  After  the  measurement  of  current  and  voltage,  the  applied  current  is  then 
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turned  off  and  the  miero-eontaet  is  opened.  These  steps  are  repeated  for  the  desired 
number  of  eyeles.  Figure  3.2b  shows  an  example  of  the  eold  switeh  test  waveform. 

3.4.3  Hot  switch  testing. 

The  hot  switeh  test  applies  a  given  eurrent  while  aetuating  the  miero-eontaet  open 
and  elosed  for  a  given  number  of  iterations.  The  user  is  required  to  input  the  position  of 
desired  eontaet  foree,  the  maximum  applied  eontaet  foree,  the  number  of  eyeles,  the 
applied  eurrent,  as  well  as  the  number  of  eyeles  between  measurements.  Using  this 
information,  the  program  applies  the  set  level  of  eurrent  and  aetuates  the  miero-eontaet 
open  and  elosed  for  the  set  number  of  eyeles.  Figure  3.2a  shows  an  example  of  the  hot 
switeh  test  waveform. 


(a) 


Figure  3.2:  This  shows  an  example  of  the  (a)  hot  switehing  and  (b)  eold  switehing 
waveforms.  The  blue  line  is  the  signal  line  driving  the  piezo  eleetrie  aetuator  and  green 
line  is  the  signal  line  aeross  the  miero-eontaet. 


3.4.4  Reliability  testing. 

Reliability  testing  used  the  previous  types  of  test,  eold  or  hot  switeh  test,  and  repeats 
that  test  until  the  miero-eontaet  displays  a  failure.  Type  of  failures  experienee  ineluded 
failure  to  elose  when  eontaet  between  the  upper  and  lower  eontaet  was  never  made  due  to 
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the  presence  of  an  isolating  layer.  Another  failure  observed  was  the  switch  failing  to  open, 
this  is  due  to  stiction  and/or  plastic  deformation  of  the  beam. 

3.5  Fixed-fixed  beam  micro-contact  support  structure 

The  micro-contact  support  structure  used  for  this  experiment  was  the  fixed-fixed 
beam  micro-contact  structure  that  emulates  Holm’s  crossed  bar  experiment  on  the 
micro-scale.  This  design  allows  a  four- wire  measurement  in  which  current  only  flows 
through  the  micro-contact  at  contact.  Voltage  is  then  measured  across  the  micro-contact 
through  the  Au  traces  connected  to  the  anchor  of  the  beam  and  micro-contact  area. 

Fixed-fixed  beams  have  a  width  of  250/im  and  lengths  of  350/im,  AOOjxm,  450//m  and 
SOOfim.  The  beams  are  designed  with  a  gap  of  2/im  between  the  contact  bump  and  contact 
pad.  The  contact  bump  allows  for  the  contact  to  be  made  between  a  plane  for  the  bottom 
contact  and  a  hemispherical  contact  on  the  beam.  Figure  3.3  shows  a  3D  model  of  the 
fixed-fixed  beam  micro-contact  structure.  The  micro-contact  support  structure  is 
constructed  for  a  Au-Au  micro-contact  and  utilizes  a  structural  layer  to  enhance  the 
micro-contact  structure’s  stiffness  and  to  reduce  the  risk  of  stiction,  but  can  be  easily 
modified  to  investigate  other  contact  materials. 


Current 
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Figure  3.3:  3D  model  of  fixed-fixed  beam  micro-contact  support  structure. 
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3.5.1  Metal  contacts  construction. 


The  first  testing  done  was  completed  using  an  evaporated  Au  lower  planar  contact 
and  a  sputtered  Au  upper  hemispherical  contact.  These  Au-Au  contacts  were  used  as  a 
baseline  measurement  to  verify  system  performance  and  was  used  for  comparison  of  all 
other  testing.  Two  other  sputtered  contact  metal  that  was  tested  was  Ru,  and  RuOi.  Ru 
and  Ru02  thin  films  have  been  receiving  much  attention  because  of  their  good 
conductivity,  low  temperature  coefficient  of  resistance  (TCR),  and  high  thermal  stability 
[66].  Ruthenium  oxide  (RuOi)  belongs  to  the  family  of  transition  metal  oxides  [67].  It  has 
metallic  conductivity  in  a  wide  temperature  range,  which  is  a  positive  in  micro-contact 
where  spot  heating  can  occur  [67].  In  addition,  it  has  high  thermal  stability,  namely  up  to 
700°C  [67].  Due  to  these  properties,  Ru02  thin  Films  have  been  an  attractive  material  for 
interconnects,  contacts,  gate  electrodes,  and  interdiffusion  barriers  in  Si  devices  [67].  Due 
to  these  properties,  devices  were  created  by  replacing  gold  in  the  upper  contact  with  Ru 
and  Ru02. 

The  Ru  and  Ru02  were  added  to  the  contact  by  DC  sputtering  Ruthenium  in  an  Ar  or 
Ar:02  environment.  The  percentage  of  oxygen  is  the  identifier  for  the  samples,  therefor  a 
25%  Ru02  does  not  necessarily  means  that  the  concentration  of  the  Ru02  is  25%,  but 
there  was  a  25%  O2  content  in  the  chamber  while  sputtering.  Once  sputtered  to  create  the 
upper  hemispherical  contact  for  the  device,  an  Au  sputtered  seed  layer  of  gold  was 
sputtered  which  was  then  electroplated  with  gold  for  the  structural  layer.  Figure  3.4  shows 
an  example  device  cross-section  diagram  of  a  micro-contact  support  device  with  Ru  in  the 
upper  hemispherical  contact.  These  Au-Ru  and  Au-Ru02  devices  were  tested  and  results 
were  compared  to  the  Au-Au  baseline. 
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Figure  3.4:  Example  eross-seetion  of  a  Au-Ru  eontaet  deviee. 


3.5.2  CNT  encapsulated  beams. 

CNTs  were  added  to  the  upper  hemispherieal  eontaet  of  the  deviee  by  eneapsulating 
them  by  sputtering  a  layer  of  gold  for  the  eontaet,  applying  the  CNTs,  and  eleetroplating 
gold  over  them.  The  resultant  deviee  is  not  an  Au-CNT  or  alloy  type  strueture;  it  is  an  Au 
strueture  with  eneapsulated  CNTs.  Figure  3.5  shows  an  example  diagram  of  a 
mioro-eontaet  support  deviee  with  CNTs  eneapsulated  in  the  upper  hemispherieal  eontaet 
deviee  eross-seetion,  and  the  planar/hemispherieal  eontaet.  The  CNTs  ean,  in  effeet, 
ehange  the  paths  of  eonduetion  through  the  beam  sinee  the  beam  is  no  longer  uniform. 
Researeh  has  shown  that  ereating  a  strueture  with  two  different  materials  does  not  always 
produee  an  alloy  or  eomposite  that  has  better,  or  even  eomparable  performanee,  to 
individual  metals.  By  itself,  CNTs  are  better  eonduetors  than  gold,  both  thermally  and 
eleetrieally. 
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Figure  3.5:  Example  eross-seetion  of  a  Au-CNT  eontaet  deviee. 
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The  CNTs  were  applied  by  spinning  on  a  mixture  of  CNTs  diluted  in  isopropyl 
alcohol  and  put  into  suspension  using  ultrasonic  vibrations.  After  deposition  of  the  CNTs, 
a  thermal  image  was  taken  to  demonstrate  the  thermal  conductivity  of  the  CNTs.  The 
analysis  of  the  CNT  coverage  is  discussed  more  in  Section  5.4 

3.6  Contact  modeling 

Taking  the  formulas  from  Section  2.2.3  the  following  plots  were  created  using 
measured  values  for  resistivity,  hardness  and  Young’s  Modulus.  For  contacts  with 
different  contact  metals,  the  average  resistivity  and  average  hardness  are  used.  The 
following  plots  show  the  modeled  values  used  in  the  results  in  Section  5.  Figure  3.6  is  the 
elastic  model  for  a  4//m  contact  radius.  Figure  3.7  is  the  elastic  model  for  a  6//m  contact 
radius.  Figure  3.8  is  the  elastic  model  for  a  8//m  contact  radius.  Figure  3.9  is  the  plastic 
model  for  all  contact  radius. 
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Figure  3.6:  Elastic  deformation  model  assuming  diffusive  electron  transport  for  a  4/im 
contact  radius  plotting  the  5  different  contact  types  tested. 
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Figure  3.7:  Elastic  deformation  model  assuming  diffusive  electron  transport  for  a  6/im 
contact  radius  plotting  the  5  different  contact  types  tested. 
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Figure  3.8:  Elastic  deformation  model  assuming  diffusive  electron  transport  for  a  8/im 
contact  radius  plotting  the  5  different  contact  types  tested. 


Figure  3.9:  Plastic  deformation  model  assuming  diffusive  electron  transport  for  all  contact 
radii,  plotting  the  5  different  contact  types  tested. 
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3.7  Gray-scale  lithography 

The  first  attempt  at  gray-seale  lithography  utilized  Matlab  to  create  a  gray-scale 
image.  This  first  image  can  be  seen  in  Figure  3.10.  However,  Matlab  saved  the  image  as  a 
color  .bmp  format  that  resulted  in  blue-gray  hues  at  different  levels.  These  blue-gray  hues 
caused  an  issue  in  the  first  optical  mask  that  led  to  errors  when  writing  into  the  photoresist, 
as  shown  in  Figure  3.10.  It  was  discovered  that  exporting  the  image  into  a  different 
program  and  saving  in  the  correct  format,  a  24-bit  bitmap  pure  gray  image,  fixed  the  error. 
Figure  3.10  also  exhibits  partially  exposed  border  which  should  be  fully  exposed.  Further 
discussion  on  how  these  structures  were  design  and  created  can  be  found  in  Appendix  B. 


Figure  3.10:  Image  showing  the  comparison  of  the  blue-gray  hue  with  the  resulting  image 
in  1818  photoresist,  this  should  be  a  step  down  from  full  height  of  photoresist  down  to  no 
photoresist. 
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3.8  Post  test  examination 


To  examine  the  effeets  of  testing  on  the  miero-eontaet,  the  miero-test  support 
strueture  will  be  disseeted  to  examine  the  miero-eontaet  surfaees.  The  inspeetion  will  be 
performed  to  determine  the  development  of  any  films  on  the  eontaet  as  well  as  physieal 
ehanges  to  the  miero-eontaet.  This  will  be  done  using  two  deviees  a  Zygo  white  light 
interferometer  and  a  seanning  eleetron  mieroseope  (SEM)  to  examine  the  eontaet. 

3.8.1  Zygo  measurement. 

Using  a  Zygo  white  light  interferometer,  the  tested  miero-eontaet  support  strueture 
was  inspeeted  for  a  visible  ehange  in  struetural  arehiteeture.  The  Zygo  ereates  a  3D  image 
of  the  structure  by  measuring  the  reflection  of  the  light  emitted  by  the  system. 

3.8.2  SEM  measurement. 

The  SEM  was  used  for  examining  the  contact  surfaces  to  document  changes  to  the 
contact  area.  In  order  to  examine  the  contact  area,  the  support  structure  needs  to  be 
exposed.  Since  this  process  destroys  the  contact,  the  examination  could  not  look  at  a 
micro-contact  before  and  after  testing.  But  the  before  examination  was  conducted  on 
micro-contacts  that  were  not  tested  and  those  that  were  tested  were  examined  to  look  for 
any  noticeable  differences. 

The  other  post  test  examination  to  be  performed  using  the  SEM  is  using  energy 
dispersive  X-ray  spectroscopy  (EDS)  detector.  The  EDS  can  examine  a  surface  and  return 
the  chemical  make-up  of  that  surface.  This  process  will  be  similar  to  the  SEM  images, 
where  an  untested  group  will  be  examined  for  the  baseline.  Once  the  composition  of  the 
untested  contacts  is  determine,  tested  contact  will  be  examined  to  document  the  change  in 
the  chemical  make-up  between  the  samples.  This  comparison  will  point  to  the  growth  of 
any  films  due  to  use,  and  the  chemical  composition  of  these  films. 
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3.9  Chapter  summary 

This  chapter  detailed  the  methodology  for  the  design,  fabrieation  and  testing  for  this 
researeh.  This  ehapter  ineluded  a  diseussion  of  the  test  fixture  that  will  be  used,  how  it  is 
eontrolled  and  how  it  works.  There  was  a  diseussion  of  the  types  of  eontaet  test  that  will 
be  performed  and  the  differenees  between  the  three.  The  miero-eontaet  support  strueture 
for  miero-eontaet  lifeeyele  testing  was  eharaeterized  and  the  eonstruetion  was  diseussed. 
Modeling  was  performed  to  set  the  expeetations  for  eontaet  resistanee  and  eontaet  physies 
modeling.  Finally  there  was  an  explanation  of  the  types  of  post  test  data  eolleetion  will  be 
performed  to  eharaeterize  the  types  of  failures  observed. 
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IV.  Results 


4.1  Chapter  overview 

The  types  of  eontaets  tested  for  this  researeh  ineluded;  Au-Au,  Au-Ru,  Au-Ru02 
10%  and  25%  O2  eoncentration,  and  Au-CNT.  In  addition  to  a  hemisphere/planar  eontaet 
area,  Au-Au  devices  equipped  with  hemisphere/engineered  lower  contact  surfaces.  Each 
micro-contact  support  structure  was  subjected  to  initial  contact  testing  and  cold  switch 
testing.  With  typical  forces  for  micro-contacts  in  the  range  of  a  few  hundreds  of  [xN,  a 
maximum  contact  force  limit  of  200//A  was  used  [68].  During  initial  contact  testing  and 
measurement  cycles,  the  current  was  kept  constant  at  0.02mA  and  the  voltage  was 
measured  to  calculate  the  contact  resistance.  During  cold  switch  testing  the  current  was 
constant  at  46mA.  Devices  were  tested  for  a  predetermined  amount  of  cycles  to  examine 
the  evolution  of  contact  resistance.  Between  measurements,  the  micro-contact  was  cycled 
at  a  predetermined  actuation  rate  and  force.  This  system  has  proven  to  be  an  effective  test 
fixture  for  cycling  micro-contacts  at  relatively  fast  cycle  rates  to  examine  the  evolution  of 
micro-contact  resistance. 

4.2  Testig  of  Au-Au  micro-contact  samples 

4.2.1  Initial  Contact  Test  6/im  radius  contact  bump. 

Figure  4.1  shows  the  measured  micro-contact  resistance  for  an  Au-Au,  fixed-fixed 
micro-contact  support  structure  with  a  contact  radius  of  6//m  and  the  modeled  values  of 
micro-contact  resistance  based  on  the  equations  in  Section  2.2.3.  The  data  presented  is  the 
average  of  15  ICT  measurements  with  the  standard  deviation  of  that  data  indicated  by 
error  bars. 
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Figure  4.1:  Contact  resistance  of  Au-Au  6/im  radius  contacts;  ‘Rc  Elastic’  and  ‘Rc  Plastic’ 
are  modeled  values,  ‘Average  Measured’  data  is  the  average  of  15  initial  contact  test 
measurements  and  ‘Std’  is  the  standard  deviation  of  those  measured  values. 


Figure  4.1  shows  that  at  low  contact  force,  less  than  the  measured  contact 
resistance  is  much  higher  than  the  model.  After  this  area  the  average  measured  values 
matches  the  plastic  model. 


45 


4.2.2  Initial  Contact  Test  8/im  radius  contact  bump. 

Figure  4.2  is  similar  to  what  was  just  presented,  but  with  a  Spm  eontaet  bump  radius. 
This  data  is  the  average  of  15  ICT  measurements  with  the  standard  deviation  of  that  data 
indieated  by  error  bars. 


Figure  4.2:  Contaet  resistanee  of  Au-Au  8/im  radius  eontacts;  ‘Re  Elastie’  and  ‘Re  Plastie’ 
are  modeled  values,  ‘Average  Measured’  data  is  the  average  of  15  initial  eontaet  test 
measurements  and  ‘Std’  is  the  standard  deviation  of  those  measured  values. 


Figure  4.2  shows  that  at  low  eontaet  foree,  less  than  lOpN,  the  measured  eontaet 
resistanee  is  mueh  higher  than  the  model.  With  this  data  the  measured  data  mimies  the 
measured  but  never  follows  it  exaetly.  One  solution  to  this  deviation  is  proposed  in 
Seetion  5.10. 
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4.2.3  Cold  Switch  Test. 


The  evolution  of  the  Au-Au  contact  area  was  observed  by  actuating  the  micro-contact 
to  1,  102,  10^,  5  X  10\  10^  5  X  10^  10^  5  x  10^  10^  5  x  10®  and  10^  cycles.  The 
micro-contacts  were  actuated  using  an  external,  calibrated  point  load.  To  examine  the 
micro-contact  performance,  the  contact  resistance  and  force  required  to  close  the  contact 
were  recorded  simultaneously  throughout  testing.  At  each  of  the  above  stated  end  point, 
the  micro-contact  was  folded  back  to  evaluate  the  wear  of  the  upper  hemisphere  and 
planar  lower  contact.  All  the  Au-Au  data  can  be  found  in  Appendix  A.  The  following  are 
examples  of  representative  data  focusing  on  cycles  that  produced  interesting  results. 

These  examples  will  include  micro-contacts  tested  to  10"*,  5  x  10®  and  10^  cycles. 

4.2.3. 1  Micro-contact  with  lO'*  cycles,  Sample  (1,2). 

The  10“^  cycle  test  of  a  micro-contact  was  performed  on  Sample  (1,2),  Beam  8 
displayed  some  interesting  results.  The  contact  resistance  plot  is  shown  in  Figure  4.3. 

SEM  images  for  the  contact  bump  is  shown  in  Figure  4.4a  and  for  the  contact  pad  in 
Figure  4.4b. 

This  contact  shows  signs  of  wear  after  10"^  cycles.  On  the  contact  bump  there  are 
indications  where  material  transfer  has  occurred.  The  loss  of  material  created  a  hole  that  is 
shown  on  the  pad.  It  is  also  important  to  point  out  the  sharp  rise  in  resistance  around 
8x10®  cycles.  It  is  believed  that  this  spike  in  resistant  is  due  to  the  material  transfer  that 
occurred.  This  sharp  change  of  resistance  differs  from  other  contacts  tested.  This  contact, 
unlike  the  previous  example,  exhibits  no  wear  after  10^  cycles. 
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Figure  4.3:  Contact  resistance  of  Au-Au  6/im  radius  contact  for  10"^  cycles.  ‘Rc  Average’ 
is  the  average  for  the  last  5  resistance  measurements  at  ~  lOOfiN  of  contact  force  during 
the  measurement  cycle.  ‘Rc  Min’  is  the  minimum  contact  resistance  measured  during 
the  measurement  cycle.  This  contact  displays  an  unusual  increase  in  contact  resistance  at 
8  X  10^  cycles. 
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(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  4.4:  Scanning  electron  microscope  image  of  contact  pad  after  10'^  cycles.  A  large 
dark  area  is  shown  in  the  middle  of  each  contact  where  the  bottom  pad  lost  material  to  the 
beam. 
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4.2.3. 2  Micro-contact  with  10"^  cycles,  Sample  (1,4). 

The  10"*  cycles  test  of  a  micro-contact  was  performed  on  Sample  (1,4),  Beam  9.  The 
contact  resistance  plot  is  shown  in  Figure  4.5.  SEM  images  for  the  contact  bump  is  shown 
in  Figure  4.6a  and  for  the  contact  pad  in  Figure  4.6b. 


Figure  4.5:  Contact  resistance  of  Au-Au  6yum  radius  contact  bump  for  10^  cycles. ‘Re 
Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  200pN  of  contact  force 
during  the  measurement  cycle.  ‘Re  Min’  is  the  minimum  contact  resistance  measured 
during  the  measurement  cycle. 
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(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  4.6:  Scanning  electron  microscope  image  of  contact  pad  after  lO'*  cycles.  No  contact 
wear  is  shown  on  either  contact. 


4.2.3. 3  Micro-contact  with  5x10^  cycles,  Sample  (1,2). 

The  5  X  10^  cycles  test  of  a  micro-contact  was  performed  on  Sample  (1,2),  Beam  1. 
The  contact  resistance  plot  is  shown  in  Figure  ??.  SEM  images  for  the  contact  bump  is 
shown  in  Figure  4.7a  and  for  the  contact  pad  in  Figure  4.7b. 

This  contact  exhibits  large  indications  of  wear  after  5x10^  cycles.  On  the  beam 
there  is  an  area  in  the  middle  were  material  transfer  has  occurred.  The  pad  displays  a 
corresponding  hole  where  this  material  transferred  from.  This  contact,  with  the  large 
material  transfer  area  also  exhibited  a  high  contact  resistance  for  most  of  the  life  of  the 
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average  for  the  last  5  resistance  measurements  at  ~  200yuA  of  eontaet  force  during  the 
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Figure  4.7:  Scanning  electron  microscope  image  of  eontaet  pad  after  5  x  10^  cycles.  A 
large  material  transfer  area  is  shown  in  the  middle  of  the  eontaet. 
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4.2.3.4  Micro-contact  with  5  x  10^  cycles,  Sample  (1,4). 

The  5  X  10^  cycles  test  of  a  micro-contact  was  performed  on  Sample  (1,4),  Beam  12. 
This  contact  has  the  same  amount  of  cycles  as  the  previous  example,  but  does  not  display 
the  same  contact  wear.  The  contact  resistance  plot  is  shown  in  Figure  ??.  SEM  images  for 
the  contact  bump  is  shown  in  Figure  4.8a  and  for  the  contact  pad  in  Figure  4.8b. 


Contact  resistance  of  Au-Au  6pm  radius  contact  for  5  x  10^  cycles. ‘Re  Average’  is  the 

average  for  the  last  5  resistance  measurements  at  ~  200pN  of  contact  force  during  the 
measurement  cycle.  ‘Re  Min’  is  the  minimum  contact  resistance  measured  during  the 

measurement  cycle. 


This  contact  exhibits  no  wear  after  5  x  10^  cycles.  Which  is  in  contrast  to  the  sample 
previously  shown  and  will  be  discussed  more  in  Section  5.5. 
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(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  4.8:  Scanning  electron  microscope  image  of  contact  pad  after  5  x  10^  actuations. 
No  material  transfer  is  shown. 


4.2.3. 5  Micro-contact  with  cycles  Sample  (1,4). 

The  10^  cycle  test  of  a  micro-contact  was  performed  on  Sample  (1,4)  Beam  2.  The 
contact  resistance  plot  is  shown  in  Figure  4.9.  SEM  images  for  the  contact  bump  is  shown 
in  Figure  4.10a  and  for  the  contact  pad  in  Figure  4.10b. 

This  contact  shows  some  wear  after  10^  cycles.  On  the  beam  there  is  an  area  in  the 
middle  on  the  contact  bump  where  material  transfer  has  occurred.  This  build  up  of 
material  corresponds  to  a  hole  that  is  shown  on  the  pad. 
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Figure  4.9:  Contact  resistance  of  Au-Au  6/im  radius  contact  for  10^  cycles.  ‘Rc  Average’ 
is  the  average  for  the  last  5  resistance  measurements  at  ~  lOO/uN  of  contact  force  during 
the  measurement  cycle.  ‘Rc  Min’  is  the  minimum  contact  resistance  measured  during  the 
measurement  cycle. 


(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  4.10:  Scanning  electron  microscope  image  of  contact  pad  after  10^  cycles.  Material 
transfer  is  shown  in  the  contact  area. 
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4.23.6  Micro-contact  with  10’  cycles,  Sample  (2,3). 

The  10’  cycles  test  of  a  micro-contact  was  performed  on  Sample  (2,3),  beam  2.  The 
contact  resistance  plot  is  shown  in  Figure  4.1 1.  SEM  images  for  the  contact  bump  is 
shown  in  Figure  4.12a  and  for  the  contact  pad  in  Figure  4.12b. 


Figure  4.11:  Contact  resistance  of  Au-Au  6pm  radius  contact  for  10’  cycles.  ‘Re  Average’ 
is  the  average  for  the  last  5  resistance  measurements  at  ~  200pN  of  contact  force  during 
the  measurement  cycle.  ‘Re  Min’  is  the  minimum  contact  resistance  measured  during  the 
measurement  cycle. 


This  contact  displays  only  a  small  amount  of  wear  after  10’  cycles.  This  low  amount 
of  wear  matches  the  very  low  contact  resistance  seen  throughout  the  lifetime  of  the 
micro-contact. 
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Figure  4. 12:  Scanning  electron  microscope  image  of  upper  contact  bump  and  lower  contact 
pad  after  10^  cycles.  A  small  area  of  material  transfer  is  shown  in  the  contact  area. 


4.2.4  Lifetime  Contact  Resistance  Evolution. 

Using  the  cold-switch  test  (CSX),  the  6//m  contact  radius  Au-Au  device  was  tested 
until  failure.  The  device  was  actuated  to  3.5  x  10^  cycles  with  measurements  at  every  10^ 
cycles  for  the  first  5  x  10^  cycles.  Measurements  were  taken  every  2.5  x  10^  from  50  x  10’ 
to  1.45  X  10^.  Finally  the  device  was  measured  every  5  x  10^  cycles  for  the  remaining  life 
of  the  micro-contact.  The  contact  resistance  plot  is  shown  in  Figure  4.13. 

There  are  several  noteworthy  trends  in  Figure  4.13.  The  first  was  the  steady  increase 
of  contact  resistance  from  10^  -  2.8  x  10’  cycles.  At  2.8  x  10’  cycles  there  was  the  first  of 
two  software  glitches.  During  these  times,  at  2.8  x  10’  cycles  and  3.2  x  10’  cycles,  the 
micro-contact  structure  was  cycled,  but  the  measurement  cycles  were  not  collected  as 
planned.  After  this  period  of  cycling,  the  next  contact  resistance  measurement  was  much 
lower  than  the  previous  data  showed.  This  could  be  caused  by  the  long  continuous  cycling 
ability  to  clean  the  contact  area  and  cause  a  drop  in  contact  resistance.  After  continuing 
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Figure  4.13:  Contact  resistance  of  Au-Au  6fim  radius  contact  until  failure.  ‘Rc  Average’ 
is  the  average  for  the  last  5  resistance  measurements  at  ~  lOOfiN  of  contact  force  during 
the  measurement  cycle.  ‘Rc  Min’  is  the  minimum  contact  resistance  measured  during  the 
measurement  cycle.  Two  software  glitches  2.8  x  10^  cycles  and  3.2  x  10^  cycles  caused 
prolong  cycling  and  the  sudden  drops  in  contact  resistance. 


from  these  two  long  cycles,  the  contact  resistance  remained  steady  until  322.6  million 
cycles,  where  the  contact  resistance  spiked  to  109f2.  After  another  million  cycles,  the 
contact  failed  to  close.  SEM  images  for  the  contact  bump  is  shown  in  Figure  4.14a  and  for 
the  contact  pad  in  Figure  4.14b. 

This  contact  shows  three  distinct  wear  spots  on  the  upper  and  lower  contact  area. 

This  material  in  the  contact  area  is  what  caused  the  resistance  to  spike  for  the  last  set  of 
measurements. 
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(a)  Upper  contact  bump  (Anode) 


(b)  Lower  contact  pad  (Cathode) 


Figure  4. 14:  Scanning  electron  microscope  image  of  upper  contact  bump  and  lower  contact 
pad  after  reliability  testing.  Multiple  areas  of  material  transfer  are  visible  in  the  contact 
area. 


4.3  Au-Ru  contact  with  6/tm  radius  contact  bump 

4.3.1  Initial  Contact  Test. 

Figure  4.15  shows  a  comparison  of  the  measured  micro-contact  resistance  for  an 
Au-Ru  fixed-fixed  micro-contact  support  structure  with  a  contact  bump  radius  of  6/im  and 
the  modeled  values  of  micro-contact  resistance.  This  data  is  the  average  of  20 ICT 
measurements;  also  shown  is  the  standard  deviation  of  that  data. 

Figure  4.15  shows  that  at  extremely  low  contact  force,  less  than  lOjiN,  the  measured 
contact  resistance  is  much  higher  than  the  model.  But  after  this  small  area  of  light  loading, 
the  average  measured  values  drops  below  all  the  modeled  values.  Discussion  of  why  the 
model  does  not  match  the  collected  data  is  discussed  in  more  detail  in  Section  5.3. 
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Figure  4.15:  Contact  resistance  of  Au-Ru  with  6//m  radius  contacts:  ‘Rc  Elastic’  and  ‘Rc 
Plastic’  are  modeled  values,  ‘Average  Measured’  data  is  the  average  of  20  initial  contact 
test  measurements  and  ‘Std’  is  the  standard  deviation  of  those  measured  values  represented 
as  error  bars. 


4.3.2  Cold  Switch  Test. 

The  10’  cycles  test  of  a  micro-contact  was  performed  on  two  Au-Ru  contacts.  The 
contact  resistance  plot  for  the  first  contact  is  shown  in  Figure  4.16.  SEM  images  for  the 
contact  bump  is  shown  in  Figure  4.17a  and  for  the  contact  pad  in  Figure  4.17b. 
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Figure  4.16:  Contact  resistance  of  Au-Ru  with  6//m  radius  contact  for  10^  cycles,  failing 
after  5.65  x  10^  cycles.  ‘Rc  Average’  is  the  average  for  the  last  5  resistance  measurements  at 
~  lOO/uN  of  contact  force  during  the  measurement  cycle.  ‘Rc  Min’  is  the  minimum  contact 
resistance  measured  during  the  measurement  cycle. 
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Figure  4.17:  Scanning  electron  microscope  image  of  upper  contact  area  and  lower  contact 
area  after  5.65  x  10^  cycles.  This  contact  area  did  not  happen  on  the  desired  contact  bump 
but  rather  near  the  edge  of  the  beam  and  pad. 
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This  contact  exhibits  a  large  amount  of  wear  after  only  5.65  x  10^  cyeles.  This 
amount  of  transfer  eaused  the  contact  to  fail  to  close  after  less  than  the  desired  amount  of 
eyeles.  For  an  unknown  reason  this  contact  made  eontaet  in  the  upper  eorner  of  the  pad 
rather  than  the  eenter  bump.  Sinee  it  was  not  diseovered  until  after  the  beam  was  folded 
baek,  it  is  assumed  that  the  beam  was  deformed.  This  deformation  was  sueh  that  this 
portion  of  the  beam  was  lower  than  the  eontaet  bump,  causing  the  upper  portion  of  the  pad 
to  be  the  eontaet  point.  Another  eontaet  was  also  aetuated  to  10^  cycles,  but  on  this 
contact  the  conneetion  for  the  anode  and  eathode  was  swapped  This  eontaet  is  shown  in 
Figure  4.18.  SEM  images  for  the  eontaet  bump  is  shown  in  Figure  4.19a  and  for  the 
eontaet  pad  in  Figure  4.19b. 


Figure  4.18:  Contaet  resistanee  of  Au-Ru  with  6/im  radius  eontaet  for  10’  eyeles.  ‘Rc 
Average’  is  the  average  for  the  last  5  resistanee  measurements  at  ~  lOO/xN  of  eontaet  foree 
during  the  measurement  eyele.  ‘Re  Min’  is  the  minimum  eontaet  resistanee  measured 
during  the  measurement  eyele. 
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Figure  4.19:  Scanning  electron  microscope  image  of  contact  pad  after  10’  cycles.  Areas  of 
wear  is  shown  on  both  contacts 


This  contact  also  indicates  that  material  transfer  had  occurred.  But  unlike  the 
previous  example  contact  was  made  at  the  contact  bump.  Further  analysis  of  these 
contacts  is  contained  in  Section  5.6. 
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4.4  Au-RuOi  10%  contact  with  Sfum  radius  contact  bump 
4.4.1  Initial  Contact  Test. 

Figure  4.20  shows  a  comparison  of  the  measured  micro-contact  resistance  for  an 
Au-Ru02  10%  fixed-fixed  micro-contact  support  with  a  contact  radius  of  8yum  and  the 
modeled  values  of  micro-contact  resistance.  This  data  is  the  average  of  5  ICT 
measurements;  also  shown  is  the  standard  deviation  of  that  data. 


Figure  4.20:  Contact  resistance  of  Au-Ru02  10%  with  8/im  radius  contacts;  ‘Re  Elastic’ 
and  ‘Re  Plastic’  are  modeled  values,  ‘Average  Measured’  data  is  the  average  of  5  initial 
contact  test  measurements  and  ‘Std’  is  the  standard  deviation  of  those  measured  values 
represented  by  error  bars. 


Figure  4.20  displays  that  at  low  contact  force,  less  than  30/rA,  the  measured  contact 
resistance  is  slightly  higher  than  the  model.  But  after  this  area,  the  average  measured 
values  are  between  the  elastic  and  plastic  models. 
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4.4.2  Cold  Switch  Test. 


The  10’  cycles  test  of  a  micro-contact  was  performed  on  two  RUO2  beams.  The 
contact  resistance  plot  for  the  first  beam  is  shown  in  Figure  4.21.  SEM  images  for  the 
contact  bump  is  shown  in  Figure  4.22a  and  for  the  contact  pad  in  Figure  4.22b. 


Figure  4.21:  Contact  resistance  of  Au-Ru02  10%  with  8/im  radius  contact  for  a  10’  cycles, 
this  contact  failed  after  only  2.5  x  10^  cycles.  ‘Re  Average’  is  the  average  for  the  last  5 
resistance  measurements  at  ~  200/iA  of  contact  force  during  the  measurement  cycle.  ‘Re 
Min’  is  the  minimum  contact  resistance  measured  during  the  measurement  cycle. 
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Figure  4.22:  Scanning  electron  microscope  image  of  Upper  contact  bump  and  lower  contact 
pad  after  2.5  x  10^  cycles.  After  cycling  the  contact  shows  large  area  of  material  transfer. 


This  contact  shows  a  large  amount  of  wear  after  only  2.5  x  10^  cycles.  This  amount 
of  transfer  caused  the  contact  to  fail  to  close  well  short  of  the  10^  cycles  planned.  Another 
contact  was  also  actuated  to  10^  cycles,  but  on  this  contact  the  connection  for  the  anode 
and  cathode  was  changed.  This  contact  lasted  twice  as  long,  to  5  x  10®  cycles  and  is  shown 
in  Figure  4.23.  SEM  images  for  the  contact  bump  is  shown  in  Figure  4.24a  and  for  the 
contact  pad  in  Figure  4.24b.  Further  analysis  of  these  contacts  is  contained  in  Section  5.7. 
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Figure  4.23:  Contact  resistance  of  Au-Ru02  10%  with  8//m  radius  contact  for  5  x  10^ 
cycles.  ‘Rc  Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  200/iA  of 
contact  force  during  the  measurement  cycle.  ‘Re  Min’  is  the  minimum  contact  resistance 
measured  during  the  measurement  cycle. 
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Figure  4.24:  Scanning  electron  microscope  image  of  upper  contact  bump  and  lower  contact 
pad  after  5  x  10^  cycles.  Material  transfer  can  be  seen  from  the  lower  contact  to  the  upper 
contact. 
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4.5  Au-RuOi  25%  contact  with  Sfum  radius  contact  bump 
4.5.1  Initial  Contact  Test. 

Figure  4.25  displays  the  measured  miero-eontaet  resistance  for  an  Au-Ru02  25% 
contact  fixed-fixed  micro-contact  support  structure  with  a  contact  bump  radius  of  S/um  and 
the  modeled  values  of  micro-contact  resistance.  This  data  is  the  average  of  5  ICT 
measurements;  also  shown  is  the  standard  deviation  of  that  data. 


Figure  4.25:  Contact  resistance  of  Au-RuOi  25%  contact  with  8/im  radius  contact;  ‘Re 
Elastic’  and  ‘Re  Plastic’  are  modeled  values,  ‘Average  Measured’  data  is  the  average  of 
5  initial  contact  test  measurements  and  ‘Std’  is  the  standard  deviation  of  those  measured 
values. 


Figure  4.25  shows  that  the  modeled  values  are  much  higher  than  the  measured 
values.  This  is  due  to  the  assumptions  made  to  model  the  contacts  with  different  metal 
types.  Further  analysis  of  these  models  is  shown  in  Section  5.3. 
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4.5.2  Cold  Switch  Test. 


The  10’  cycles  test  of  a  micro-contact  was  performed  on  two  devices.  The  contact 
resistance  plot  for  the  first  device  is  shown  in  Figure  4.26.  SEM  images  for  the  contact 
area  is  shown  in  Figure  4.27a  and  for  the  contact  pad  in  Figure  4.27b. 


Figure  4.26:  Contact  resistance  of  Au-Ru02  25%  contact  with  8yum  radius  contact  for  a  10’ 
cycles.  This  contact  failed  after  3  x  10^  cycles.  ‘Re  Average’  is  the  average  for  the  last  5 
resistance  measurements  at  ~  200// A  of  contact  force  during  the  measurement  cycle.  ‘Re 
Min’  is  the  minimum  contact  resistance  measured  during  the  measurement  cycle. 
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Figure  4.27:  Scanning  electron  microscope  of  Upper  contact  bump  and  lower  contact  pad 
after  3  x  10^  cycles.  After  3x10^  cycles  the  contact  shows  large  area  of  material  transfer. 


This  contact  shows  indications  of  wear.  Large  amounts  of  material  transfer  cause  the 
contact  to  fail  to  close  after  only  3x10^  cycles.  Another  contact  was  also  actuated  to  10’ 
cycles,  but  on  this  contact  the  connection  for  the  anode  and  cathode  was  switched.  This 
device  is  shown  in  Figure  4.28.  SEM  images  for  the  contact  area  is  shown  in  Figure  4.29a 
and  for  the  contact  pad  in  Figure  4.29b. 

This  contact  showed  no  wear  after  10’  cycles.  This  contact  also  showed  a  lower 
contact  resistance  throughout  testing  similar  to  the  Au-Au  contact.  Analysis  of  why  this 
might  be  is  contained  in  Section  5.8 
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Figure  4.28:  Contact  resistance  of  Au-Ru02  25%  contact  with  8//m  radius  contact  for  a  10’ 
cycles.  ‘Rc  Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  200/iA  of 
contact  force  during  the  measurement  cycle.  ‘Rc  Min’  is  the  minimum  contact  resistance 
measured  during  the  measurement  cycle. 


(a)  Upper  contact  (Cathode) 


(b)  Lower  contact  (Anode) 


Figure  4.29:  Scanning  electron  microscope  image  of  contact  pad  after  10’  cycles.  The 
contact  area  was  clear  of  defects.  With  the  upper  contact  as  the  cathode,  no  material  transfer 
is  observed  and  no  other  defects  can  be  seen. 
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4.6  Gray-scale  results 

The  goal  of  this  research  was  to  create  a  lower  contact  surface  for  use  in 
micro-contact  testing.  The  first  attempt  at  designing  a  lower  contact  structure  was  to  load 
the  engineer  lower  contact  design  and  superimpose  the  new  contact  pads  into  the  existing 
design.  This  would  ensure  that  the  size  and  spacing  would  be  correct.  Due  to  a  limitation 
of  the  design  software,  the  images  cannot  be  superimposed  onto  the  mask  design,  so  an 
alternate  way  to  write  these  lower  contacts  was  required.  Two  methods  were  attempted  to 
create  these  lower  pads  with  the  2D  pyramid  pattern.  The  first  was  an  image  representing 
the  entire  die,  which  consisted  of  16  beams,  and  therefore  16  lower  contacts  in  a 
SOOOfim  X  SOOOfim  area.  This  image  was  scaled  to  the  correct  overall  size.  Figure  4.30 
shows  a  picture  of  one  of  these  lower  contact  pads  that  was  approximately  lOfim  x  150/im 
in  area.  The  second  method  used  the  manual  alignment  of  the  Heidelberg  system  to  direct 
write  each  lower  contact  design.  This  method  was  more  labor  intensive,  but  with  the 
addition  of  some  alignment  marks  on  the  wafer,  it  allowed  for  precise  alignment  of  the 
lower  contact.  SEM  images  of  the  final  structures  etched  into  the  Si  wafer  is  shown  in 
Figure  4.31a  (2D  Pyramid)  and  4.31b  (3D  pyramid).  SEM  images  of  the  final  structures 
after  application  of  the  isolation  layer  and  lower  contact  metal  is  shown  in  Figure  4.32a 
(2D  Pyramid)  and  4.32b  (3D  pyramid). 
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Figure  4.30:  2D  pyramid  design  imposed  onto  the  overall  die  image.  Due  to  the  laser 
direction  moving  from  left  to  right,  lines  were  created  against  the  grain  of  the  2D  pyramid. 


(a)  2D  pyramid  design 


(b)  3D  pyramid  design 


Figure  4.31:  Scanning  electron  microscope  image  of  the  2D  and  3D  pyramid  design  after 
etching. 
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Figure  4.32:  Scanning  electron  microscope  image  of  the  2D  and  3D  pyramid  design  with 
isolation  layer  the  lower  contact  metal  applied. 
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4.7  Au-Au  contact  with  4jum  radius  contact  bump  on  2D  pyramids 
4.7.1  Initial  Contact  Test. 

Figure  4.33  shows  the  measured  miero-eontaet  resistanee  for  an  Au-Au  only 
fixed-fixed  miero-eontaet  support  with  a  eontaet  radius  of  4yum  on  an  engineered  lower 
eontaet  and  the  modeled  values  of  miero-eontaet  resistanee.  This  data  is  the  average  of  15 
ICT  measurements;  also  shown  is  the  standard  deviation  of  that  data.  The  data  shows  that 
the  measured  data  is  higher  than  the  modeled  data  but  at  a  higher  resistanee.  Possible 
reasons  for  this  will  be  diseussed  in  Seetion  5.9 


Figure  4.33:  Contaet  resistanee  of  Au-Au  4yum  radius  eontaets  on  an  engineered  lower 
eontaet  eonsisting  of  2D  pyramids;  ‘Re  Plastie’  is  modeled,  ‘Average  Measured’  data  is 
the  average  of  15  ICT  measurements  and  ‘Std’  is  the  standard  deviation  of  those  measured 
values 


75 


4.7.2  Cold  Switch  Test. 

The  10’  cycles  test  of  a  micro-contact  was  performed  on  the  engineered  lower 
contact  as  well.  The  contact  resistance  plot  is  shown  in  Figure  4.34.  SEM  images  for  the 
contact  bump  is  shown  in  Figure  4.35a  and  for  the  contact  pad  in  Figure  4.35b. 


Figure  4.34:  Contact  resistance  of  Au-Au  4/im  radius  contact  bump  on  2D  pyramids  for  10’ 
cycles.  ‘Re  Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  200/iA  of 
contact  force  during  the  measurement  cycle.  ‘Re  Min’  is  the  minimum  contact  resistance 
measured  during  the  measurement  cycle. 


This  contact  shows  no  wear  after  10’  cycles.  This  clean  contact  area  matches  well 
with  the  low  contact  resistance  seen  throughout  the  testing  of  the  micro-contact. 
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Figure  4.35:  Scanning  electron  microscope  image  of  upper  contact  bump  and  lower 
engineered  contact  pad  after  10^  cycles. 


4.8  Au-Au  contact  with  4;um  radius  contact  bump  on  3D  pyramid 

4.8.1  Initial  Contact  Test. 

Figure  4.36  shows  the  measured  micro-contact  resistance  for  an  Au-Au  only 
fixed-fixed  micro-contact  support  with  a  contact  radius  of  4/tm  on  an  engineered  lower 
contact  and  the  modeled  values  of  micro-contact  resistance.  This  data  is  the  average  of  15 
ICT  measurements;  also  shown  is  the  standard  deviation  of  the  data. 

Figure  4.36  shows  that  the  average  measured  values  follow  the  plastic  model  very 
closely.  These  results  matches  the  ICT  test  of  the  hemisphere/planar  contact. 
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Figure  4.36:  Contact  resistance  of  Au-Au  Afim  radius  contacts  on  an  engineered  lower 
contact  consisting  of  3D  pyramids;  Rc  Plastic  is  modeled,  Average  Measured  data  is  the 
average  of  15  initial  contact  test  measurements  and  Std  is  the  standard  deviation  of  those 
measured  values 

4.8.2  Cold  Switch  Test. 

The  10’  cycle  test  of  a  micro-contact  was  performed  on  the  engineered  lower  contact 
as  well.  The  contact  resistance  plot  is  shown  in  Figure  4.37.  SEM  images  for  the  contact 
bump  is  shown  in  Figure  4.38a  and  for  the  contact  pad  in  Figure  4.38b. 

This  contact  shows  only  a  amount  of  material  transfer  after  10’  actuation.  This 
matches  the  very  low  contact  resistance  seen  throughout  the  lifetime  of  the  micro-contact. 
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Figure  4.37:  Contact  resistance  of  Au-Au  Afim  radius  contacts  on  an  engineered  lower 
contact  consisting  of  3D  pyramids  for  a  10^  cycles.  Rc  Average  is  the  average  for  the  last 
5  data  poinst  at  ~  200 fiN  of  contact  force.  Rc  Min  is  the  minimum  contact  resistance 
measured  during  the  measurement  cycle 


(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  4.38:  Scanning  electron  microscope  image  of  upper  contact  bump  and  lower  contact 
pad  after  10^  cycles.  A  small  amount  of  material  transfer  is  shown  in  the  contact  area. 
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4.9  CNT  encapsulated  beams 

CNTs  were  added  to  the  upper  hemisphere  eontaet  by  eneapsulating  them  with  a 
sputtered  a  layer  of  gold  for  the  eontaet,  applying  the  CNTs,  and  eleetroplating  gold  over 
them.  The  resultant  deviee  is  not  an  Au-CNT  or  alloy  type  strueture;  it  is  an  Au  strueture 
with  eneapsulated  CNTs.  The  CNTs  were  applied  by  spinning  on  a  mixture  of  CNTs 
ultrasonieally  diluted  in  isopropyl  aleohol.  After  applieation  the  witness  samples  were 
analyzed  to  determine  the  amount  of  eoverage.  This  analysis  ean  be  found  in  Seetion  5.4. 

It  is  important  to  point  out  that  this  data  was  taken  before  the  measurement 
equipment  was  upgraded  to  inerease  the  sensitivity.  Therefore  the  minimum  eontaet 
resistanee  during  the  ICT  is  the  measurement  floor  of  the  equipment  used. 

4.9.1  CNT  film  in  upper  hemisphere  contact. 

4.9.1. 1  Initial  contact  test. 


Figure  4.39:  Contaet  Resistanee  of  Au-Au  Beam  with  CNT  eneapsulated  into  the  beam. 
The  results  mimie  the  model  until  around  40pN. 
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Figure  4.39  shows  a  comparison  of  the  measured  micro-contact  resistance  for  an  Au 
contact  with  CNTs  encapsulated  film  in  the  upper  hemisphere  planar  contact  of  a 
fixed-fixed  micro-contact  support  structure.  With  less  than  40/iA  of  force  applied,  initial 
contact  resistance  mimics  the  plastic  deformation  resistance  model. 

4.9.1.2  Cold  switch  test. 

For  the  cold-switch  test  (CST),  the  devices  under  test  were  first  cycled  up  to  100 
times  at  lOHz  with  measurements  taken  at  every  10  cycles.  Following  the  initial  100 
cycles,  the  devices  were  actuated  up  to  1, 000  cycles  at  100//z  with  measurements 
performed  every  100  cycles.  Then  10, 000  cycles  at  IkHz  with  measurements  every  1, 000 
cycles.  In  addition,  the  micro-contact  structures  were  actuated  to  100,000  cycles  at  3kHz 
with  measurements  every  10, 000  cycles.  Lastly,  the  devices  were  cycled  to  10^  cycles 
with  measurements  at  every  100, 000  cycles. 

4.9. 1.3  Micro-contact  resistance  evolution. 
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Figure  4.40:  Resistance  values  for  fixed-fixed  Au-CNT  in  the  beam  in  the  micro-contact 
support  structure. 
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Results  of  these  tests  are  shown  in  Figure  4.40.  This  eontaet  showed  an  initial  high 
resistanee  at  1.220..  Followed  by  a  wearing  in  period  until  resistanee  dropped  below  IQ, 
where  it  remained  until  testing  was  stopped  at  10^  cycles. 

4.9.2  CNT  composite  film  in  lower  planar  contact. 

4.9.2. 1  Initial  contact  test. 


Figure  4.41:  Contact  resistance  of  Au-Au  Beam  with  CNT  encapsulated  into  the  lower 
contact  pad.  The  results  followed  the  model  until  around  SOpN. 


Figure  4.41  is  a  plot  of  the  measured  micro-contact  resistance  for  a  Au  contact  with 
CNTs  encapsulated  into  the  lower  contact  pad  fixed-fixed  micro-contact  support  structure. 
Similarly  to  what  was  seen  in  Figure  4.39,  the  initial  contact  resistance  with  less  than 
50pN  applied  is  close  to  the  plastic  deformation  resistance  model.  After  the  first  50pN, 
contact  resistance  begins  to  deviate  from  the  model.  As  stated  with  the  first  micro-contact, 
this  deviation  is  attributed  to  the  measurement  equipment. 
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4.9.2.2  Cold  switch  test. 


For  the  CSX,  the  deviees  under  test  were  first  eyeled  same  as  the  other  CNT  infused 
eontaet,  only  this  time,  the  deviee  was  aetuated  to  failure.  Whieh  for  this  eontaet  was  to 
4x10’  eyeles  with  measurements  at  every  10^  eyeles.  This  inerease  in  eyeling  was  to 
aetuate  the  switeh  to  failure  to  see  what  failure  mode(s)  would  surfaee. 


Figure  4.42:  Resistanee  values  for  fixed-fixed  Au-CNT  in  the  lower  eontaet  in  the  miero- 
eontaet  support  strueture. 


Results  of  these  tests  are  shown  in  Figure  4.42.  This  eontaet  showed  an  initial 
inerease  in  eontaet  resistance  from  starting  at  0.19Q,  to  maxing  out  at  I.IQ,  followed  by  a 
wear  in.  Finally,  the  fixed-fixed  micro-contact  with  CNTs  encapsulated  into  the  lower 
contact  was  cycled  36.9  million  times,  at  which  point  the  closed  contact  resistance  was 
1.21Q..  At  the  37  million  cycle  mark,  which  was  the  next  data  collection  point,  the  contact 
failed  to  close. 
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4.10  Flip  switch 


One  of  the  drawbaeks  to  the  fixed-fixed  beam  design  was  the  inability  to  cheek  the 
contact  area  without  destroying  the  beam.  To  address  this  issue  a  flip  switch  design  was 
created  in  PolyMUMPS.  The  flip  switch  is  a  hinged  switch  that  rest  on  the  anchors,  this 
allows  the  beam  to  be  flip  closed  for  testing  and  flipped  open  for  examination.  Following 
examination,  the  switch  can  be  flipped  closed  once  again  for  additional  testing.  An  image 
of  the  open  flip  switch  is  shown  in  Figure  4.43.  A  image  after  the  flip  switch  is  closed  is 
shown  in  Figure  4.44. 


Figure  4.43:  Image  of  the  flip  switch  in  the  open  position,  major  parts  are  labeled. 


Layouts  of  the  beams  included  different  beam  thickness  and  upper  contact  layouts. 
The  complete  PolyMUMPS  layout  can  be  found  in  Appendix  C.  The  assumption  was  the 
contact  area  on  the  anchors  is  much  greater  than  the  contact  area  for  the  upper  contact 
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Figure  4.44:  Image  of  the  flip  switeh  in  the  elosed  position,  major  parts  are  labeled. 


bump.  Thus  the  resistanee  measurement  would  be  dominated  by  the  upper  eontaet 
bump/lower  planar  eontaet  resistanee. 

Testing  of  this  design  was  not  done  in  the  test  fixture,  but  preliminary  testing  were 
done  at  the  probe  station.  This  testing  showed  that  pressing  on  the  upper  eontaet  area 
would  eause  eleetrieal  eontaet  between  the  anehor  points  before  the  upper  and  lower 
eontaet  area  eame  into  eontaet.  This  order  of  eontaet  is  needed  for  sueeessful  use  of  the 
Holm  eross-bar  measurement  used  in  previous  testing. 

4.11  Chapter  summary 

This  ehapter  detailed  the  representative  tests  of  the  fixed-fixed  miero-eontaet  support 
struetures  as  well  as  deseribed  the  sueeess  of  using  the  miero-eontaet  test  fixture.  The 
reasons  for  why  the  fixed-fixed  Au  miero-eontaet  support  strueture.  Testing  of  Au-Au, 
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Au-Ru,  Au-Ru02,  Au-CNTs  and  Au-Au  with  engineered  miero-eontaet  were  all  tested  to 
traek  performance  of  the  micro-contact  materials  and  proving  the  viability  of  the 
fixed-fixed  micro-contact  support  structure  as  a  test  structure.  The  next  chapter  presents 
detailed  the  analysis  of  the  data  presented  in  this  chapter. 
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V.  Analysis 


5.1  Chapter  overview 

This  chapter  will  present  analysis  of  the  results  presented  in  the  previous  ehapter. 

This  ehapter  will  diseuss  analysis  of  the  following  topies:  Beam  Modeling,  Ru  and  RuOi 
models,  the  eombination  of  the  Hertz  and  Thin  Film  Model,  Material  transfer  in  Au-Au 
eontacts,  eleetromigration  in  Ru02  eontaets,  engineered  lower  eontact,  plastie 
deformation,  and  lastly  an  analysis  of  the  CNT  miero-eontaets. 

5.2  Beam  modeling 

To  ensure  that  the  foree  sensor  would  be  able  apply  the  appropriate  amount  of  force, 
caleulations  were  done  using  the  formulas  from  Section  2.3  to  approximate  the  foree 
needed  to  apply  to  elose  the  miero-eontaet.  These  values  are  then  eompared  to  the 
measured  values  for  thiekness  and  foree  applied.  For  this  researeh,  the  applied  foree  to  the 
miero-eontaet  when  elosed  is  lOOfiN.  But  to  apply  this,  first  an  appropriate  amount  of 
foree  needs  to  be  applied  to  move  the  upper  eontaet  bump  to  be  in  contact  with  the  lower 
planar  eontaet.  Figure  5.1  is  an  example  showing  the  difference  in  the  amount  of  foree 
needed  to  elose  the  miero-eontaet  as  measured  from  the  foree  sensor,  and  the  amount  of 
foree  applied  to  the  miero-eontaet. 

Assuming  a  3//m  gap,  width  of  250/im,  electroplated  thickness  of  2.4//m  and  a 
Young’s  modulus  for  eleetroplated  gold  of  79.42  Gpa  [69]  the  data  for  Table  5.1  was 
ealeulated  using  the  formulas  from  Seetion  2.3. 
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Figure  5.1:  An  examples  comparing  the  force  measured  by  the  Force  Sensor,  and  the 
Contact  force  applied  to  the  micro-contact 


Contact  Force 
Force  measured 


Table  5.1:  Calculation  of  required  force  to  bend  the  beam  the  required  2/im  to  mate  the 
upper  and  lower  contacts 


Beam  length  (//m) 

I  (10-22) 

Force  to  close  (/uN) 

350 

2.88 

486 

400 

2.88 

325 

450 

2.88 

228 

500 

2.88 

166 

To  compare  the  model  to  the  measured  contact  force,  measured  data  was  used  for 
beam  thickness  and  gap.  These  results  are  shown  in  Figure  5.2.  It  shows  that  the  model 
closely  predicted  the  force  needed  to  mate  the  upper  and  lower  contacts.  Deviations  can 
be  explained  by  the  hardness  of  the  RUO2  is  not  taken  into  account  for  the  stiffness  of  the 
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beam.  The  large  modeled  values  are  due  to  the  much  greater  beam  thickness  that  occurred 
during  processing  of  the  RuOi  samples,  these  samples  had  beam  thickness  more  than 
double  the  expected.  Thus  had  a  much  high  prediction  and  measure  closing  force.  But 
since  the  focus  of  the  research  was  the  contact  force,  this  addition  force  needed  to  close 
the  contact  did  not  effect  the  test  data. 
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Figure  5.2:  Compare  measured  contact  mating  force  to  predicted.  Predicted  values  are 
based  off  of  measured  beam  thickness  and  gap  taken  dring  construction.  Deviations  can  be 
due  to  the  model  is  only  using  the  hardness  of  the  structure  electroplated  Au  layer  and  the 
contact  metal  is  ignored. 
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5.3  Ru  and  Ru02  modeling 

When  modeling  the  Au-Ru  and  Au-Ru02  contacts,  there  was  a  large  variation 
between  the  predicted  values  and  measured  values  for  the  ICT.  This  was  seen  in  Figures 
4.15,  4.20  and  4.25  there  is  a  large  difference  between  the  modeled  values  and  the 
measured  values.  The  reason  for  this  difference  is  the  approach  taken  to  model  these 
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contact.  In  these  models,  values  like  resistivity  and  hardness  were  averaged  to  ereate  the 
model  between  the  Au-Ru,  and  Au-Ru02  miero-contacts.  This  averaging  of  the  two 
values  is  the  cause  of  the  overestimation.  The  majority  of  area  of  both  the  upper  and  lower 
eontaet  is  Au,  only  a  small  200/im  strip  of  the  upper  eontaet  is  a  higher  resistivity.  A 
eomparison  of  the  two  RUO2  measured  ICT  values  were  eompared  to  different  eontaet 
modeling  teehniques  ineluding  averaging  of  hardness  and  resistivity,  and  different 
combinations  of  hardness  and  resistivity.  Figure  5.3  compares  the  models  with  the  RUO2 
10%  and  Figure  5.4  compares  these  models  with  the  RUO2  25%. 
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Figure  5.3:  Contaet  Resistanee  model  eomparison.  This  shows  that  for  the  RUO2  10%  the 
average  of  the  hardness  and  resistivity  gave  the  eloses  model  to  the  aetual  data. 


This  eomparison  shows  that  not  one  of  these  techniques  will  work  for  both  contaets, 
more  work  will  need  to  be  done  to  find  a  model  that  will  work  for  the  mixed  metal 
eontacts. 
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Figure  5.4:  Contact  Resistance  model  comparison.  This  shows  that  for  the  Ru02  25%  the 
lower  values  of  the  hardness  and  resistivity  gave  the  closes  model  to  the  actual  data. 

5.4  CNT  coverage  analysis 

After  deposition  of  the  CNTs,  a  thermal  image  was  taken  to  demonstrate  the  thermal 
conductivity  of  the  CNTs.  The  thermal  image  is  shown  in  Figure  5.5.  The  more  readily 
identifiable  CNT  groupings  or  “clumps”  appear  as  the  bright  green  and  red  spots, 
indicating  better  thermal  conduction  than  the  dark  blue  nitride  coated  silicon  substrate  and 
Au  bottom  metal  layer.  The  reason  for  the  CNT  clumps  appearing  in  different  colors  is 
due  to  the  fact  that  these  clumping  of  CNTs  are  not  all  the  same  size  and  thus  conduct  heat 
differently.  The  thermal  image  was  processed  in  Matlab  to  calculate  the  percent  coverage 
by  separating  the  areas  with  only  Au  and  the  area  with  a  Au-CNT  film.  The  final  product 
of  this  processing  is  shown  in  Figure  5.6.  The  image  analysis  revealed  a  55%  coverage  of 
Au-CNT  film. 
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Figure  5.5:  Thermal  image  if  the  CNT  witness  sample.  Dark  blue  represents  am  Au-only 
area  and  grean/yellow/reds  highlighting  the  areas  of  an  Au-CNT  film 


Figure  5.6:  Post  processed  digital  image,  red  showing  areas  of  only  Au  and  yellow 
highlighting  the  areas  of  an  Au-CNT  film. 


To  intensify  the  visibility  of  the  larger  clumps,  another  thermal  image  was  taken  at  a 
higher  temperature,  as  can  be  seen  in  Figure  5.7.  The  large  CNT  groupings  or  “clumps” 
appear  as  the  bright  green  and  red  spots.  The  addition  of  CNTs  may  not  only  enhance  the 
thermal  conductivity  of  the  micro-contact  support  structure,  which  would  help  maintain 
lower  contact  temperatures,  but  increase  resistivity  due  to  the  CNTs  changing  the 
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conducting  paths  of  the  electrons.  Depending  on  the  applieation,  the  higher  eontaet 
resistanee  may  be  a  potential  drawback  to  the  design. 


Figure  5.7:  Thermal  Image  of  CNT  ’elumps’  with  sample  heated  to  60  deg  C. 


5.5  Au-Au  analysis 

The  baseline  for  testing  of  the  test  fixture  and  the  eomparison  data  for  the  eontacts 
was  the  Au-Au  data.  What  was  found  is  that  the  micro-contact  performed  as  expected, 
with  lower  eontaet  resistance  and  low  eontaet  resistance  into  the  lO’s  of  millions  of  cyeles. 
This  is  eonfirmed  by  the  data  shown  in  Seetion  4.2. 

In  the  Au-Au  eold  switeh  test  results,  there  were  a  number  of  examples  of  eontaets 
that  exhibited  very  different  eontaet  resistanee.  What  ean  be  drawn  from  these  examples  is 
that  these  speeifie  eontaets,  for  an  unknown  reason,  exhibited  material  transfer.  This 
change  of  the  eontaet  area  was  in  conjunetion  with  a  ehange  of  the  contact  resistance. 
What  eannot  be  determined  is  the  root  eause  for  the  start  of  this  material  transfer.  Since  all 
the  Au-Au  eontaets  went  through  the  same  proeessing,  and  different  eontaets  on  the  same 
sample  showed  different  results  it  is  difheult  to  draw  one  eonelusion  as  to  why  material 
transfer  oeeurred.  More  researeh  would  need  to  be  done  to  determine  what  eause  this 
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sudden  material  transfer  and  inerease  resistanee.  This  is  where  the  flip  switeh  design 
would  be  useful  to  observe  the  contact  areas  as  the  resistance  increases  and  continue  to 
track  the  contact  area  as  the  number  of  cycles  are  increased.  Figure  A.  10  is  the  perfect 
example  to  show  where  a  flip  switch  would  have  been  useful.  When  the  sharp  rise  of 
resistance  occurred  at  8  x  10^,  the  contact  could  have  been  examine  as  soon  as  the 
resistance  changed.  After  examination  the  contact  could  have  returned  to  the  test  structure 
to  resume  cycling. 

Since  the  anode  and  cathode  connections  were  kept  consistent  on  all  the  Au-Au 
samples,  a  comparison  based  off  of  current  flow  cannot  be  made.  But  looking  at  two 
examples  of  switches  both  cycles  to  10^  in  Figure  5.8.  Both  contacts  were  cycled  to  10^ 
cycles,  but  first  contact  (a  &  b)  demonstrates  material  transfer  between  the  lower  contact 
(b)  to  the  upper  contact(a).  This  is  different  than  the  other  contact  pair  (c  &  d)  contact 
where  the  material  transfer  was  from  the  upper  contact  (c)  to  the  lower  contact  (d).  This 
leads  to  the  conclusion  that  on  the  Au-Au  contacts,  the  material  transfer  was  independent 
of  the  current  flow  and  therefore  not  completely  due  to  electromigration. 
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Figure  5.8:  Scanning  electron  microscope  Image  of  two  contacts  (a  &  b,  c  &  d)  and  for 
comparison,  both  contacts  were  cycled  to  10’  cycles,  but  first  contact  (a  &  b)  demonstrates 
material  transfer  between  the  lower  contact  (b)  to  the  upper  contact(a).  This  is  different 
than  the  other  contact  pair  (c  &  d)  contact  where  the  material  transfer  was  from  the  upper 
contact  (c)  to  the  lower  contact  (d). 
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5.6  Au-Ru  analysis 

The  Au-Ru  contacts  displayed  a  much  shorter  lifetime  than  similar  Au-Au  contacts. 
With  the  same  power  connection  with  the  upper  Ru  contact  as  the  anode  and  the  lower  Au 
contact  as  the  cathode.  In  this  configuration  the  best  contacts  displayed  similar  results  we 
only  to  5  X  10^  cycles.  These  similar  results  were  less  than  lOQ  resistance  and  limited 
material  transfer.  This  is  much  less  than  the  10^  seen  on  the  Au-Au  contacts.  To  determine 
if  electromigration  was  present,  there  were  test  done  with  the  contacts  switched.  This 
switch  changed  the  harder  material,  the  Ru,  to  the  cathode  which  in  theory  would  inhibit 
the  material  from  transferring.  It  was  shown  in  Figure  4.18  with  SEM  images  for  the 
contact  bump  is  shown  in  Figure  4.19a  and  for  the  contact  pad  in  Figure  4.19b.  With  the 
harder  material  as  the  cathode  this  contact  showed  lower  contact  resistance  into  4x10^ 
cycles  and  less  material  transfer  material  than  the  other  Ru  contact  cycled  to  10’  cycles.  It 
can  be  concluded  from  these  results  that  electromigration  is  effecting  the  material  transfer 
on  the  Au-Ru  contacts.  Therefor  for  future  reliability  testing  the  cathode  should  be 
connected  to  the  harder  material  to  improve  contact  performance  and  limit  material 
transfer. 

5.7  Au-RuOi  10%  analysis 

When  comparing  the  results  from  the  Au-Ru02  10%  to  the  Au-Au  micro-contacts  it 
once  again  performs  poorly.  On  contacts  with  the  contact  pad  as  the  cathode,  contacts 
displayed  material  transfer  and  contact  resistance  much  higher  than  lOO.  These  contacts 
only  showed  similar  contact  resistance  and  material  transfer  when  limited  to  5  x  10"^ 
cycles.  These  contact  displaying  similar  behavior  to  the  Au-Ru  samples  were  also 
subjected  to  the  RUO2  as  the  cathode.  On  these  test  the  results  were  shown  in  Figure  4.23 
with  SEM  images  for  the  contact  bump  is  shown  in  Figure  4.24a  and  for  the  contact  pad  in 
Figure  4.24b.  This  contact,  even  though  it  still  has  a  higher  contact  resistance,  the 
mico-contact  lasted  twice  as  long  as  the  the  contacts  with  the  softer  Au  as  the  cathode.  On 
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the  Ru02  10%  the  same  eonelusion  ean  be  drawn  where  the  miero-eontaet  displayed 
eleetromigration.  Similarly  for  reliability  testing  the  eathode  conneetion  should  be  made 
to  the  Ru02  to  promote  contact  lifetime. 

5.8  Au-Ru02  25%  analysis 

Once  again,  when  comparing  the  results  from  the  Au-Ru02  25%  to  the  Au-Au 
micro-contacts  it  performs  poorly.  On  contacts  with  the  contact  pad  as  the  cathode, 
contacts  displayed  material  transfer  and  contact  resistance  much  higher  than  lOQ.  The 
Au-Ru02  25%  micro-contact  displayed  the  best  example  where  as  the  contact  was 
connected  to  promote  material  transfer.  When  the  cathode  was  connected  to  the  Au  pad, 
material  transferred  from  the  soft,  evaporated  gold  lower  contact  to  the  hard  RUO2  upper 
contact.  In  this  case,  there  was  a  large  amount  of  material  transfer  and  the  contact  failed 
after  only  3  x  10^  cycles.  However,  when  the  anode  and  cathode  connections  were 
switched  the  contact  had  a  lower  contact  resistance,  lasted  to  10^  cycles,  and  showed  little 
sign  of  wear.  These  contacts  display  the  most  definitive  proof  of  eleetromigration.  The 
contact  with  the  RUO2  25%  as  the  cathode  displayed  the  contact  that  most  resembled  the 
Au-Au  results.  It  can  be  concluded  that  the  RUO2  25%  displayed  electromigraton  and  that 
for  contact  reliability,  the  harder  material  should  be  the  cathode. 

5.9  Engineered  Lower  Contact  Analysis 

From  the  results  of  the  engineered  lower  contact  we  can  draw  a  few  conclusions  from 
the  structures  that  were  tested.  The  results  of  the  ICT  (Figure  4.36)  and  CST  (Figure  4.37) 
show  that  the  3D  pyramid  pattern  cause  similar  results  in  contact  resistance  when 
compared  to  the  hemispherical/planar  contact.  From  these  similar  result  and  the  SEM 
pictures  (Figure  4.38b)  it  can  be  concluded  that  the  peak  of  the  3D  pyramid  is  much 
bigger  than  the  4/im  radius  contact  bump.  Therefore  there  is  no  difference  in  the  contact 
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area  between  the  hemisphere/3D  pyramid  and  the  hemisphere/planar  eontaet.  Even  though 
this  is  the  case  for  the  3D  pyramid,  this  is  not  the  case  for  the  2D  pyramid  design. 

The  2D  pyramid  design,  the  lower  contact  area  changed  enough  to  cause  a  smaller 
contact  area.  This  can  be  seen  in  the  higher  contact  resistance  during  the  ICT  (Figure 
4.33).  This  change  of  contact  area  was  even  through  processing  done  on  the  wafer,  to 
ensure  electrical  isolation,  a  lOOnm  layer  of  silicon  nitride  is  deposited.  This  silicon 
nitride  layer  smoothed  out  some  of  the  features  when  comparing  Figure  4.31a  to  Figure 
4.32a  This  smaller  contact  area  caused  a  higher  contact  resistance  compared  to  the 
modeled  values  and  those  seen  in  the  hemisphere/planar  contact  data. 

Further  research  is  required  to  examine  the  ideal  isolation  layer  thickness  and 
gray-scale  design  to  maximize  the  structure  features  to  better  alter  contact  area. 

5.10  Combination  of  a  Hertz  and  thin  film  model 

One  of  the  models  previously  discussed  was  the  thin  film  model  in  Section  2.2.5. 

One  of  the  assumptions  was  the  contact  radius  a  was  assumed  to  be  a  single  a-spot.  Since 
there  were  already  classic  models  that  would  take  a  contact  bump  and  reduce  it  to  an 
effective  radius  a  combination  of  the  Hertz  and  Thin  Film  models  was  investigated.  It  was 
found  that  this  combined  model  closely  match  the  measured  data  found  in  Section  4.2.2. 
For  this  combined  model  the  equations  for  the  thin  film  model  (Equations  2.12,  2.13  and 
2.14)  were  used  for  the  bases  of  the  spreading  resistance.  But  instead  of  the  assumed 
single  a-spot,  the  classical  equations  for  Veff  (Equations  2.2  and  2.6)  were  used  as  a 
replacement  for  a.  The  results  of  this  model  with  the  data  from  Section  4.2.2  and 
previously  collected  Au  data  can  be  seen  in  Figure  5.9. 
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Figure  5.9:  Contact  Resistance  model  comparison.  This  shows  that  for  the  8yum  contact 
bump  radius,  the  measured  data  closely  matches  the  combined  thin  film  model  for  contact 
greater  than  100 fiN. 


5.11  Plastic  Deformation 

Figure  5.10  shows  the  CST  data  collected  for  the  fixed-fixed  Au  micro-contact 
support  structure  with  the  CNT  film  in  the  hemisphere  upper  contact.  Looking  at  the 
figure,  the  force  required  to  make  contact  decreases  from  100/iA  to  SOfuN  after  100 
actuations.  The  cause  of  reduced  required  force  for  contact  make  is  most  likely  due  to  a 
change  in  the  micro-contact  support  structure’s  shape. 

Using  a  Zygo  white  light  interferometer  (IFM),  the  tested  micro-contact  support 
structure  was  inspected  for  a  visible  change  in  structural  architecture.  As  seen  in  Figure 
5.1 1  and  Figure  5.12,  the  force  sensor  left  an  impression  in  the  Au-CNT  composite  film  in 
upper  contact  of  the  micro-contact  support  structure. 

The  beam  was  approximately  2.7/im  thick.  For  plastic  deformation,  the  applied  force 
must  meet  and  surpass  the  yield  stress  of  the  material,  which  is  the  lowest  value  for  stress 
to  cause  permanent  deformation.  According  to  Volinksky  et  al.,  the  yield  stress  for  Au 
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CNT  Upper  Hemispherical  Contact 


Figure  5.10:  Fixed-Fixed  Micro  Contact  support  structure  with  CNTs  encapsulated  in  in 
upper  hemisphere  planar  contact. 


films  decreases  with  a  rise  in  material  temperature,  which  can  increase  due  to  the  flow  of 
current  through  the  micro-contact  and  the  beam  supporting  structure.  They  also  reported 
that  for  a  2.1  nm  thick  Au  film,  the  yield  stress  of  the  support  structure  was  shown  to  be 
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Figure  5.11:  Zygo  intensity  map  showing  eontour  of  miero-eontaet  support  structure.  Voids 
caused  by  the  CNT  encapsulation  can  be  seen  on  the  beam  and  the  area  that  was  deformed 
by  cycling  is  labeled. 


Figure  5.12:  Zygo  3D  image  of  fixed-fixed  Au  micro-contact  support  structure.  The  voids 
do  not  return  an  image,  but  the  plastical  deformed  portion  of  the  beam  can  be  seen. 


about  AQOMPa  (or  AOONImm^)  at  room  temperature  and  become  250MPa  (or  160N  jmm^) 
at  120  °C  [70].  Considering  that  the  maximum  applied  force  to  the  beam  was  200/iV  in 
order  to  achieve  near  lOO/uN  of  contact  force  in  this  case,  it  is  likely  that  the  yield  stress 
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threshold  of  the  support  strueture  was  surpassed,  eausing  the  beam  to  be  plastieally 
deformed. 

5.12  CNT  micro-contact  resistance  analysis 


Figure  5.13:  Resistanee  values  for  funetional  fixed-fixed  Au  and  AU-CNT  eneapsulated 
miero-eontaet  support  strueture 


Figure  5.13  shows  the  life  eyele  data  for  three  different  style  beams,  one  Au-Au,  the 
other  CNTs  eomposite  film  in  the  upper  and  lower  eontaet.  The  fixed-fixed  Au 
miero-eontaet  support  strueture  experieneed  steadily  inereasing  eontaet  resistanee  as  the 
number  of  aetuations  inereased.  This  partieular  miero-eontaet  was  eyeled  nearly  10.2 
million  times,  at  whieh  point  the  elosed  eontaet  resistanee  was  14.43f2.  However,  the 
CNT  eomposite  film  in  neither  the  lower  or  upper  eontaet  displayed  this  rise  in  resistanee. 
The  miero  eontaet  support  strueture  with  CNTs  in  the  upper  eontaet  was  also  eyeled  to 
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nearly  10.2  million  times,  at  whieh  point  the  elosed  eontaet  resistanee  was  l.lfi.  Finally, 
the  fixed-fixed  miero-eontaet  with  CNTs  composite  film  in  the  lower  contact  was  cycled 
to  approximately  36.9  million  times,  at  which  point  the  closed  contact  resistance  was 
1.21^2.  At  the  next  test  point,  37  million  cycles,  the  contact  failed  to  make  electrical 
contact.  This  failure  is  most  likely  due  the  the  build-up  of  an  insulating  film. 

The  most  promising  results  were  with  the  CNT  composite  film  in  the  lower  contact. 
This  beam  had  a  much  lower  and  consistence  resistance  until  failure  compared  to  a 
similarly  constructed  Au-Au  beam.  This  could  be  because  the  CNT  are  providing  a  highly 
conductive  thermal  layer  to  diffuse  the  heat  to  allow  for  a  longer  life  and  help  prevent 
catastrophic  plastic  deformation  to  occur.  The  CNT  film  might  also  allow  some  current  to 
flow  through  the  CNT,  reducing  overall  resistance.  The  CNT  in  the  lower  contact  also  had 
fewer  surface  defects  due  to  the  CNTs  encapsulation  in  the  lower  contact  rather  than  in 
upper  contact,  thus  not  causing  the  voids  seen  in  Figure  5.11. 

After  testing,  the  this  contact  was  pulled  back  for  examination  as  to  what  caused  the 
contact  to  fail.  The  SEM  image  of  the  contact  area  (Figure  5.14)  was  taken  to  reveal  a 
large  area  of  film  developed  on  the  lower  contact  pad. 

Other  contacts  in  this  samples  a  basis  of  comparison.  To  further  evaluate  this 
contaminate  film,  an  energy  dispersive  spectroscopy  (EDS)  measurement  was  taken,  the 
results  are  shown  in  Eigure  5.15.  An  uncharacteristically  high  carbon  content  was 
discovered,  unique  to  this  contact. 

The  amount  of  carbon  present  in  the  film  on  the  lower  contact  was  20%  of  the  return 
on  the  spot  EDS  measurement  (  ~  l/rm  in  diameter).  This  possibly  uncovered  an  issue 
with  the  encapsulated  CNTs,  where  after  wearing  through  the  thin  encapsulation  Au  layer, 
the  exposed  CNTs  accelerated  the  growth  of  an  insulating  carbon  film.  This  rapid  rise  of 
resistance  is  similar  to  what  was  seen  in  literature  in  the  presence  of  frictional  polymers 
[61].  Erictional  polymers  are  organic  films,  that  develop  on  commonly  used  contact 
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Figure  5.14:  Scanning  electron  microscope  image  of  lower  contact  pad  revealing 
contaminate  film. 


Figure  5.15:  EDS  results  of  the  contaminate  film,  revealing  a  return  of  carbon  which  was 
unique  to  this  sample 
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materials  when  there  are  low  levels  of  organic  vapors  or  compounds  are  evident  in  the 
operating  environment  of  the  contact  [61].  It  appears  that  the  breakdown  of  the 
encapsulating  layer,  which  exposed  some  carbon  contamination,  led  to  a  growth  of  a 
frictional  polymer. 

5.13  Chapter  summary 

This  concludes  the  analysis  of  the  data  from  Chapter  5.  Sections  covered  in  this 
chapter  included:  Ru  and  RUO2  models,  the  combination  of  the  Hertz  and  Thin  Film 
Model,  Material  transfer  in  Au-Au  contacts,  electromigration  in  RUO2  contacts, 
engineered  lower  contact,  plastic  deformation,  and  lastly  an  analysis  of  the  CNT 
micro-contacts.  The  next  chapter  will  cover  the  contributions  of  this  research  and 
recommendations  for  future  work. 
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VI.  Conclusions 


6.1  Chapter  overview 

The  improvement  of  miero-eontacts  will  provide  benefits  in  many  areas  of 
teehnology.  These  benefits  may  inelude  greater  bandwidths,  lower  power  eonsumption, 
and  enhanced  performance.  To  make  these  improvements,  MEMS  engineers  need  the 
capability  to  study  the  performance  evolution  of  micro-contacts  by  examining  the  physical 
and  chemical  phenomena  at  the  interface  under  controlled  conditions.  Previously  at  AFIT, 
a  novel  test  fixture  concept  was  realized,  but  never  fully  utilized.  This  research  focused  on 
full  utilization  of  a  test  fixture  that  would  allow  future  MEMS  engineers  to  study  the 
performance  evolution  of  micro-contacts.  The  groundwork  for  exploring  micro-contact 
physics  was  also  put  into  place.  This  chapter  summarizes  the  research  effort  with  the 
lessons  learned  from  the  detailed  results  from  chapter  four  as  well  as  other  work  outside  of 
this  research.  First,  the  main  contributions  of  this  research  are  discussed.  Following  this 
discussion,  the  recommendations  for  future  research  are  provided. 

6.2  Contributions 

The  contributions  of  this  research  included  the  following: 

•  Novel  micro-contact  support  structures  which  replicated  Holm’s  well  known 
crossed-rod  experiment  were  fabricated  and  tested.  This  mask  set  allowed  for 
testing  of  all  devices  on  a  reticle. 

•  Micro-contact  performance  characterization  of  Au-Au,  Au-Ru,  and  AURO2 
micro-contacts. 

•  Upgraded  the  test  fixture  with  new  measurement  devices.  These  upgraded 
measurement  units  allowed  for  more  accurate  measurements  of  contact  resistance. 

•  Used  gray-scale  lithography  to  create  an  engineered  structures. 
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•  Used  gray-scale  lithography  to  make  engineered  structures  for  the  lower  contact. 
Tested  these  devices  and  compared  the  results  to  Au-Au  hemisphere/planar  contacts. 

•  Micro-contact  performance  characterization  of  CNT-Au  composite  micro-contacts. 
Including  the  comparison  of  Au-Au  and  Au-CNT  micro-contacts  with  CNT  infused 
in  the  upper  and  lower  contact. 

•  Micro-contact  reliability  test  of  Au-Au  contacts  to  326  million  cycles. 

•  Provided  data  to  be  able  to  create  a  Figure  of  Merit  for  micro-switches. 

•  Provided  the  initial  research  into  a  new  subset  of  the  thin  film  model  to  include 
a-spot  size  and  spreading  resistance. 

A  foundation  for  future  work  on  this  effort  is  provided.  This  foundation  gives  clear 
insight  into  the  design,  fabrication,  and  characterization  methodologies  so  a  clear  direction 
of  how  this  research  may  continue  is  apparent. 

6.3  Recommendations  for  future  research 

6.3.1  Testing  micro-contact  material  types. 

One  recommendation  is  continued  research  into  the  use  of  different  contact  materials 
including  ruthenium  and  other  contact  metal  types.  As  the  most  common  type  of  contact 
in  literature,  Au-Au  will  be  used  for  comparison  to  literature  and  as  a  baseline  for 
comparison  to  the  other  micro-contact  candidates.  In  order  to  test  these  contact  material 
types.  Holm’s  crossed  rod  contact  experiment  is  adapted  as  a  suitable  method  to  measure 
micro-contact  resistance. 

Materials  can  focus  on  the  desired  results  including  hard  materials  to  further  research 
into  use  of  hard  thin  films  to  combat  electromigration  or  reactive  metal  films  to  promote 
film  growth. 

6.3.2  Testing  using  flip  switches. 

The  design  of  the  flip  switch  allows  researches  to  look  at  the  contact  area  without 
destroying  the  beam  for  the  first  time.  This  will  allow  the  tester  to  track  and  investigate  the 
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contact  area.  One  investigation  is  complete,  the  contact  can  be  further  tested  due  to  the  flip 
switch  design.  This  ability  to  track  the  changes  of  eontaet  area  will  offer  great  insight  into 
the  contact  area  change. 

6.3.3  Software  changes  to  investigate  other  failure  modes. 

The  miero-eontact  test  fixture  allows  for  the  upgrade  of  software,  whieh  will  inerease 
the  eapability  to  investigate  failure  modes.  This  ineludes  the  ability  to  monitor  not  only 
elosure  forces,  but  also  the  forees  need  to  separate  the  eontaet.  This  ean  help  identify  van 
der  Waals  forces  and  stietion  which  are  eurrently  not  monitored.  Another  software 
upgrade  ean  be  to  monitor  the  ehanges  in  eontaet  resistance  and  eompare  eurrent  measure 
resistance  to  previous.  This  would  allow  for  additional  stopping  eriteria,  ineluding  if 
eontaet  resistanee  is  higher  than  a  set  value,  or  if  eontaet  resistanee  ehanges  greater  than  a 
eertain  pereentage. 

6.3.4  Failure  mode  analysis. 

Now  that  it  has  been  shown  that  the  test  fixture  funetions  effeetively,  more  analysis  is 
needed  on  the  failure  modes.  This  ineludes  the  ability  to  identify  the  make-up  of 
eontaminate  films  found  on  the  miero-contact  and  the  cause  of  these  contaminate  films. 
Also  further  investigating  into  showing  how  the  direetion  of  eurrent,  speeifieally  harder 
metals  as  the  eathode,  ean  offer  a  solution  to  miero-eontaet  reliability. 

6.3.5  Accelerated  test  methods. 

This  researeh  foeused  on  only  two,  initial  and  eold  switeh  testing,  of  the  three  test 
types.  No  signifieant  amount  of  hot  switch  testing  was  done  other  than  to  verify  the 
software  worked.  Hot  switch  testing  in  another  avenue  to  investigate  failure  mode.  Hot 
switch  test  types  currently  supported  include  testing  of  a  leading  edge,  trailing  edge  and  a 
eombination  of  both.  Leading  edge  is  when  there  is  signal  aeross  the  eontaet  before  it  is 
elosed,  but  is  removed  when  the  eontaet  is  open.  Trailing  edge  is  where  the  eontaet  first 
elosed  before  the  signal  is  a  applied,  but  remains  until  after  the  eontaet  is  opened.  A 
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combination  is  when  the  signal  is  allied  when  the  eontaet  is  both  opening  and  closing,  this 
is  what  is  shown  in  Figure  3.2(a). 

6.4  Chapter  summary 

This  researeh  foeused  on  full  utilization  of  a  test  fixture  that  would  allow  future 
MEMS  engineers  to  study  the  performanee  evolution  of  miero-eontaet.  This  chapter 
summarized  the  researeh  effort  with  the  lessons  learned  from  the  detailed  results  from 
ehapter  four  as  well  as  other  work  outside  of  this  researeh.  First,  the  main  eontributions  of 
this  researeh  were  diseussed.  Following  this  diseussion,  the  reeommendations  for  future 
researeh  were  provided.  This  researeh  provided  insight  in  the  performanee,  reliability  and 
failure  modes  diseovered  of  Au-Au,  Au-Ru,  Au-Ru02,  Au-CNTs  and  Au-Au  with 
engineered  micro-contacts. 
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Appendix  A:  Collected  Data 


A.l  Appendix  overview 

For  testing  of  micro-contact  resistance  the  types  of  contacts  tested  included;  Au-Au, 
Au-Ru,  Au-RuOi  10%  and  25%  concentration,  and  Au-CNT.  Each  micro-contact  support 
structure  tested  was  subjected  to  the  initial  contact  testing  and  cold  switch  testing.  Testing 
also  consisted  of  Au-Au  with  engineered  lower  contacts. 

A.2  Testing  of  Au-Au  micro-contact  sample  (1,2) 

A.2.1  Initial  Contact  Test. 

Figure  A.l  shows  a  comparison  of  the  measured  micro-contact  resistance  for  an 
Au-Au  only  fixed-fixed  micro-contact  support  with  a  contact  radius  of  6//m  and  the 
modeled  values  of  micro-contact  resistance  based  on  the  equations  in  Section  2.2.3.  This 
data  is  the  average  of  15  ICT  measurements;  also  shown  is  the  standard  deviation  of  that 
data. 


Figure  A.l  shows  that  at  extremely  low  contact  less  than  10/zA,  the  measured  contact 
resistance  in  much  higher  than  the  model.  But  after  this  small  area  of  light  loading,  the 
average  measured  values  follow  the  plastic  model  very  closely. 
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Figure  A.l:  Contact  resistance  of  Au-Au  6/im  radius  contacts,  Rc  Elastic  and  Rc  Plastic 
are  modeled  values,  Average  Measured  data  is  the  average  of  15  initial  contact  test 
measurements  and  Std  is  the  standard  deviation  of  those  measured  values. 


A.2.2  Cold  Switch  Test. 

The  evolution  of  the  Au-Au  contact  area  was  observed  by  actuating  the  micro-contact 
to  1,  102,  10^,  5  X  10^,  10^  5  X  10^  10^  5  x  10^  10^  5  x  10^  and  10^  cycles.  The 
micro-contacts  were  actuated  using  an  external,  calibrated  point  load.  To  examine  the 
micro-contact  performance,  the  contact  resistance  and  force  required  to  close  the  contact, 
were  monitored  simultaneously  throughout  testing.  At  the  above  stated  end  point,  the 
micro-contact  was  folded  back  to  evaluate  the  wear  of  the  upper  hemispherical  and  planar 
lower  contact. 


Ill 


A.2.2.1  Micro-contact  with  a  single  actuation. 

The  single  actuation  of  the  micro-contact  was  performed  on  Beam  14.  The  contact 
resistance  plot  is  shown  in  Figure  A. 2.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A. 3a  and  for  the  contact  pad  in  Figure  A. 3b. 


Rc  vs  Fc  for  1  cycle  {Beam  14) 
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Figure  A. 2:  Contact  resistance  of  Au-Au  6/im  radius  contact  for  a  single  actuation 


Since  this  contact  only  had  a  single  actuation,  the  contact  areas  do  not  show  any  wear. 
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(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  A. 3:  SEM  image  of  upper  eontaet  bump  and  lower  eontaet  pad  after  single  aetuation, 
no  visible  wear  is  seen  in  the  contact  area 


A.2.2.2  Micro-contact  with  100  cycles. 

The  100  cycles  test  of  a  micro-contact  was  performed  on  Beam  15.  The  contact 
resistance  plot  is  shown  in  Figure  A.4.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A. 5a  and  for  the  contact  pad  in  Figure  A. 5b. 

Since  this  contact  only  had  100  cycles,  the  contact  areas  do  not  show  any  signs  of 
wear. 
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Figure  A.4:  Contact  resistance  of  Au-Au  6yum  radius  contact  for  100  cycles.  ‘Rc  Average’ 
is  the  average  for  the  last  5  resistance  measurements  at  ~  lOO/uN  of  contact  force.  ‘Re  Min’ 
is  the  minimum  contact  resistance  measured  during  the  measurement  cycle. 


(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  A. 5:  SEM  image  of  upper  contact  bump  and  lower  planar  contact  pad  after  100 
cycles,  no  visible  wear  is  seen  in  the  contact  area 
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A.2.2.3  Micro-contact  with  1,000  cycles. 


The  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  16.  The  contact 
resistance  plot  is  shown  in  Figure  A. 6.  SEM  images  for  the  contact  bump  is  not  available 
due  to  damage  it  received  when  the  reticle  was  removed  from  the  sample  from  the  carrier 
and  for  the  contact  pad  in  Figure  A. 7b. 


Figure  A. 6:  Contact  resistance  of  Au-Au  6/rm  radius  contact  for  10^  cycles.  ‘Re  Average’ 
is  the  average  for  the  last  5  resistance  measurements  at  ~  200/iA  of  contact  force.  ‘Re  Min’ 
is  the  minimum  contact  resistance  measured  during  the  measurement  cycle. 


This  contact  does  exhibit  some  wear.  With  three  spots  seen  on  the  pad  where  wearing 
of  the  the  contact  is  shown. 
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(a)  No  image  available 


(b)  Lower  contact  (Cathode) 


Figure  A. 7:  SEM  image  of  upper  eontaet  bump  and  lower  planar  eontaet  pad  after  1, 000 
cycles 


A.2.2.4  Micro-contact  with  5  x  10^  cycles. 

The  5^  cycles  test  of  a  micro-contact  was  performed  on  Beam  12.  The  contact 
resistance  plot  is  shown  in  Figure  A. 8.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A.9a  and  for  the  contact  pad  in  Figure  A.9b. 

This  contact  show  some  wear  after  5^  cycles.  There  is  an  area  in  the  center  left  that 
shows  some  discoloration  and  a  mating  set  on  the  pad. 
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Figure  A. 8:  Contact  resistance  of  Au-Au  6/im  radius  contact  for  a  5^  cycles.  ‘Rc  Average’ 
is  the  average  for  the  last  5  resistance  measurements  at  ~  lOO/uN  of  contact  force.  ‘Rc  Min’ 
is  the  minimum  contact  resistance  measured  during  the  measurement  cycle. 


(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  A. 9:  SEM  image  of  contact  pad  after  5^  cycles.  Evidence  of  wear  is  shown  in  the 
grouping  of  dark  spots  seen  on  the  lower  contact  pad. 
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A.2.2.5  Micro-contact  with  10"^  cycles. 

The  10"*  cycles  test  of  a  micro-contact  was  performed  on  Beam  8.  The  contact 
resistance  plot  is  shown  in  Figure  A.  10.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A.l  la  and  for  the  contact  pad  in  Figure  A.l  lb. 


Figure  A.  10:  Contact  resistance  of  Au-Au  6yum  radius  contact  for  a  10"^  cycles.  ‘Re 
Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  200/iA  of  contact  force. 
‘Re  Min’  is  the  minimum  contact  resistance  measured. 


This  contact  show  some  wear  after  10^  cycles.  On  the  beam  there  is  an  area  in  the 
middle  on  the  contact  bump  that  has  material  transfer  has  occurred.  This  material  created 
a  hole  that  is  shown  on  the  pad.  The  resulting  effective  change  of  the  contact  area  is  the 
likely  cause  of  the  sharp  rise  in  resistance  around  8k  cycles. 
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(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  A.l  1:  SEM  image  of  eontaet  pad  after  eycles.  A  large  dark  area  is  shown  in  the 
middle  where  the  bottom  pad  lost  material  to  the  beam. 


A.2.2.6  Micro-contact  with  5  x  10"^  cycles. 

The  5  X  10^  cycles  test  of  the  micro-contact  was  performed  on  Beam  7.  The  contact 
resistance  plot  is  shown  in  Figure  A.  12.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A.  13a  and  for  the  contact  pad  in  Figure  A.  13b. 

This  contact  show  some  wear  after  5x10^  cycles.  On  the  beam  there  is  an  area  in  the 
middle  on  the  contact  bump  that  has  material  transfer  has  occurred.  This  material  created 
a  hole  that  is  shown  on  the  pad.  This  change  of  the  contact  area  is  the  likely  cause  of  the 
sharp  rise  in  resistance  after  the  first  few  hundred  cycles. 
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Figure  A.  12:  Contact  resistance  of  Au-Au  6/rm  radius  contact  for  a  5  x  lO'^  cycles.  ‘Rc 
Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  lOO/uN  of  contact  force. 
‘Rc  Min’  is  the  minimum  contact  resistance  measured. 


(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  A.  13:  SEM  image  of  contact  pad  after  5  x  lO'*  cycles.  A  large  material  transfer  area 
is  shown  in  the  middle  of  the  contact. 
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A.2.2.7  Micro-contact  with  10^  cycles. 

The  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  5.  The  contact 
resistance  plot  is  shown  in  Figure  A.  14.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A.  15a  and  for  the  contact  pad  in  Figure  A.  15b. 


Figure  A.  14:  Contact  resistance  of  Au-Au  6yum  radius  contact  for  a  10^  cycles.  ‘Re 
Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  200/iA  of  contact  force. 
‘Re  Min’  is  the  minimum  contact  resistance  measured. 


This  contact  show  some  wear  after  10^  cycles.  On  the  beam  there  is  an  area  in  the 
middle  on  the  contact  bump  that  is  discoloration.  There  is  a  matching  area  on  the  pad. 
Comparing  the  material  transfer  to  Figure  A.  13b  and  A.  13a,  the  amount  of  transfer  is 
much  less.  This  difference  in  material  transfer  could  be  the  cause  of  the  resistance  being 
much  less  over  the  life  of  the  contact  rather  than  the  high  contact  resistance  seen  in  Figure 
A.12. 
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Figure  A.  15:  SEM  image  of  eontaet  pad  after  10^  cycles.  A  large  area  of  discoloration  is 
shown  in  the  middle  of  the  contact 


A.2.2.8  Micro-contact  with  5  x  10^  cycles. 

The  5  X  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  1.  The  contact 
resistance  plot  is  shown  in  Figure  A.  16.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A.  17a  and  for  the  contact  pad  in  Figure  A.  17b. 

This  contact  show  a  lot  of  wear  after  5  x  10^  cycles.  On  the  beam  there  is  an  area  in 
the  middle  on  the  contact  bump  that  material  transfer  has  occurred.  This  material  created  a 
hole  that  is  shown  on  the  pad.  This  material  is  the  cause  of  high  contact  resistance 
throughout  the  life  of  the  contact. 
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Figure  A.  16:  Contact  resistance  of  Au-Au  6/rm  radius  contact  for  a  5  x  10^  cycles.  ‘Rc 
Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  lOO/uN  of  contact  force. 
‘Rc  Min’  is  the  minimum  contact  resistance  measured. 
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Figure  A.  17:  SEM  image  of  contact  pad  after  5  x  10^  cycles.  A  large  material  transfer  area 
is  shown  in  the  middle  of  the  contact. 
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A.2.2.9  Micro-contact  with  10^  cycles. 

The  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  6.  The  contact 
resistance  plot  is  shown  in  Figure  A.  18.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A.  19a  and  for  the  contact  pad  in  Figure  A.  19b. 


Figure  A.  18:  Contact  resistance  of  Au-Au  6/im  contact  for  a  10®  cycles.  ‘Re  Average’  is 
the  average  for  the  last  5  resistance  measurements  at  ~  200/iA  of  contact  force.  ‘Re  Min’ 
is  the  minimum  contact  resistance  measured. 


This  contact  show  some  wear  after  10®  cycles.  On  the  beam  there  is  an  area  in  the 
middle  on  the  contact  bump  that  has  material  transfer  has  occurred.  This  material  created  a 
hole  that  is  shown  on  the  pad.  This  smaller  amount  of  material  transfers  also  corresponds 
to  the  contact  resistance  being  lower.  The  initial  high  contact  resistance  can  be  attributed 
to  contamination  in  the  contact  area  that  was  broken  though  during  the  first  set  of  cycles. 
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Figure  A.  19:  SEM  image  of  the  upper  eontaet  bump  and  lower  eontaet  pad  after  10^  eycles. 
A  small  material  transfer  area  is  shown  in  the  middle  of  the  eontaet. 


A.2.2.10  Micro-contact  with  5  x  10^  cycles. 

The  5  X  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  10.  The  contact 
resistance  plot  is  shown  in  Figure  A. 20.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A.21a  and  for  the  contact  pad  in  Figure  A.21b. 

This  contact  show  some  wear  after  5x10^  cycles.  On  the  beam  there  is  an  area  in  the 
middle  on  the  contact  bump  that  has  material  transfer  has  occurred.  This  material  created 
a  hole  that  is  shown  on  the  pad.  Once  again,  the  material  transfer  area  is  relatively  small 
and  corresponds  to  the  contact  resistance,  focusing  on  Re  min,  is  low  throughout  the  life 
of  the  contact. 
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Figure  A. 20:  Contact  resistance  of  Au-Au  6//m  radius  contact  for  a  5  x  10^  cycles.  Rc 
Average  (solid  blue)  is  the  average  for  the  last  4  data  point  at  ~  lOO/uN  of  contact  force.  Rc 
Min  (dashed  blue)  is  the  minimum  contact  resistance  measured  during  the  measurement 
cycle. 


Material  transfer 


Discoloration 


i.  ; 


E-ESean 

Oet 

Mag 

FWD 

Tilt 

Spot 

Slim  Ie 

S.XkV 

TLO-S 

15.0  kX 

5.004 

•0  0- 

3 

612 

|i 

b-Ei^a—  Det 

Mag 

FWD 

Tilt 

Spot  — — 

5  Mm  1 

5XkV  TIO-S 

15.0  kX 

5052 

•0  0- 

3 

612 

(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  A.21 :  SEM  image  of  upper  contact  bump  and  lower  contact  pad  after  5  x  10^  cycles. 
A  small  material  transfer  area  is  shown  in  the  middle  of  the  contact. 
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A.2.2.11  Micro-contact  with  10^  cycles. 

The  10’  cycles  test  of  a  micro-contact  was  performed  on  Beam  11.  The  contact 
resistance  plot  is  shown  in  Figure  A. 22.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A.23a  and  for  the  contact  pad  in  Figure  A. 23b. 


Cycles 

Figure  A. 22:  Contact  resistance  of  Au-Au  6/im  contact  for  a  10’  cycles.  Re  Average  (blue) 
is  the  average  for  the  last  4  data  point  at  ~  200 jj-N  of  contact  force.  Re  Min  (green)  is  the 
minimum  contact  resistance  measured  during  the  measurement  cycle 


This  contact  show  some  wear  after  10’  cycles.  On  the  beam  there  is  an  area  in  the 
middle  on  the  contact  bump  that  has  material  transfer  has  occurred.  This  material  created 
a  hole  that  is  shown  on  the  pad. 
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Figure  A.23:  SEM  image  of  upper  contaet  bump  and  lower  eontaet  pad  after  10^  cycles.  A 
small  material  transfer  area  is  shown  in  the  middle  of  the  contact. 


A.3  Testing  of  Au-Au  micro-contact  sample  (1,3) 

A.3.1  Cold  Switch  Test. 

The  evolution  of  the  contact  area  was  observed  by  actuating  the  micro-contact  same 
as  previously  stated.  The  micro-contacts  were  actuated  using  an  external,  calibrated  point 
load.  To  examine  the  micro-contact  performance,  the  contact  resistance  and  force  required 
to  close  the  contact,  were  monitored  simultaneously  throughout  testing.  This  sample  was 
damage  in  removal  from  the  carrier  and  no  SEM  images  were  taken 
A.3. 1.1  Micro-contact  with  a  single  actuation. 

The  single  actuation  micro-contact  was  performed  on  Beam  13.  The  contact 
resistance  plot  is  shown  in  Eigure  A. 24. 
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Contact  Foce  vs  Resistance 


Figure  A. 24:  Contact  resistance  of  Au-Au  6//m  contact  for  a  single  actuation.  The 
difference  of  the  measurement  runs  can  be  due  to  plastic  deformation  of  the  contact  area 


A.3.1.2  Micro-contact  with  100  cycles. 

The  100  cycles  test  of  a  micro-contact  was  performed  on  Beam  14.  The  contact 
resistance  plot  is  shown  in  Figure  A. 25. 
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Figure  A. 25:  Contact  resistance  of  Au-Au  6/im  radius  contact  for  100  cycles.  Rc  Average 
is  the  average  for  the  last  4  data  point  at  ~  200//A  of  contact  force.  Rc  Min  is  the  minimum 
contact  resistance  measured  during  the  measurement  cycle 


A.3.1.3  Micro-contact  with  1,000  cycles. 

The  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  11.  The  contact 
resistance  plot  is  shown  in  Figure  A. 26. 
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Figure  A. 26:  Contact  resistance  of  Au-Au  6/rm  radius  contact  for  10^  cycles.  Rc  Average 
is  the  average  for  the  last  4  data  point  at  ~  200//A  of  contact  force.  Rc  Min  is  the  minimum 
contact  resistance  measured  during  the  measurement  cycle 


A.3.1.4  Micro-contact  with  5,000  cycles. 

The  5  X  10^  cycles  of  a  micro-contact  was  performed  on  Beam  10.  The  contact 
resistance  plot  is  shown  in  Figure  A. 27. 
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Figure  A. 27:  Contact  resistance  of  Au-Au  6yum  contact  for  5  x  10^  cycles.  Rc  Average  is 
the  average  for  the  last  4  data  point  at  ~  lOO/uN  of  contact  force.  Rc  Min  is  the  minimum 
contact  resistance  measured  during  the  measurement  cycle 


A.3.1.5  Micro-contact  with  10"^  cycles. 

The  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  9.  The  contact 
resistance  plot  is  shown  in  Figure  A. 28. 
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Figure  A. 28:  Contact  resistance  of  Au-Au  6//m  radius  contact  for  a  10"^  cycles.  Rc  Average 
is  the  average  for  the  last  4  data  point  at  ~  200//A  of  contact  force.  Rc  Min  is  the  minimum 
contact  resistance  measured  during  the  measurement  cycle 


A.3.1.6  Micro-contact  with  5x10"^  cycles. 

The  5x10"^  cycles  test  of  a  micro-contact  was  performed  on  Beam  5.  The  contact 
resistance  plot  is  shown  in  Figure  A. 29. 
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Figure  A. 29:  Contact  resistance  of  Au-Au  6//m  radius  contact  for  a  5  x  10^  cycles.  Rc 
Average  is  the  average  for  the  last  4  data  point  at  ~  200yuA  of  contact  force.  Rc  Min  is  the 
minimum  contact  resistance  measured  during  the  measurement  cycle 


A.3.1.7  Micro-contact  with  10^  cycles. 

The  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  6.  The  contact 
resistance  plot  is  shown  in  Figure  A. 30. 
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Figure  A. 30:  Contact  resistance  of  Au-Au  6//m  radius  contact  for  a  10^  cycles.  Rc  Average 
is  the  average  for  the  last  4  data  point  at  ~  200//A  of  contact  force.  Rc  Min  is  the  minimum 
contact  resistance  measured  during  the  measurement  cycle 


A.3.1.8  Micro-contact  with  5  x  10^  cycles. 

The  5x10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  7.  The  contact 
resistance  plot  is  shown  in  Figure  A. 16.  This  contact  failed  after  100,000  cycles. 
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Figure  A.31:  Contact  resistance  of  Au-Au  6//m  radius  contact  for  a  5  x  10^  cycles.  Rc 
Average  is  the  average  for  the  last  4  data  point  at  ~  200yuA  of  contact  force.  Rc  Min  is  the 
minimum  contact  resistance  measured  during  the  measurement  cycle.  This  contact  failed 
after  100,000  cycles. 


A.3.1.9  Micro-contact  with  10^  cycles. 

The  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  4  The  contact 
resistance  plot  is  shown  in  Figure  A. 32. 
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Figure  A. 32:  Contact  resistance  of  Au-Au  6//m  radius  contact  for  a  10^  cycles.  Rc  Average 
is  the  average  for  the  last  4  data  point  at  ~  200//A  of  contact  force.  Rc  Min  is  the  minimum 
contact  resistance  measured  during  the  measurement  cycle 


A.3.1.10  Micro-contact  with  5  x  10^  cycles. 

The  5x10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  3.  The  contact 
resistance  plot  is  shown  in  Figure  A. 33.  This  contact  failed  after  3.5  million  cycles. 


137 


Figure  A. 33:  Contact  resistance  of  Au-Au  6//m  radius  contact  for  a  5  x  10^  cycles.  Rc 
Average  is  the  average  for  the  last  4  data  point  at  ~  200yuA  of  contact  force.  Rc  Min  is  the 
minimum  contact  resistance  measured  during  the  measurement  cycle.  This  contact  failed 
after  3.5  million  cycles. 


A.3.1.11  Micro-contact  with  \0^  cycles. 

The  10’  cycles  test  of  a  micro-contact  was  performed  on  Beam  2.  The  contact 
resistance  plot  is  shown  in  Figure  A. 34. 
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Figure  A. 34:  Contact  resistance  of  Au-Au  6//m  radius  contact  for  a  10^  cycles.  Rc  Average 
is  the  average  for  the  last  4  data  point  at  ~  200//A  of  contact  force.  Rc  Min  is  the  minimum 
contact  resistance  measured  during  the  measurement  cycle 


A.4  Testing  of  Au-Au  micro-contact  sample  (1,4) 

A.4.1  Cold  Switch  Test. 

The  evolution  of  the  contact  area  was  observed  by  actuating  the  micro-contact  same 
as  previously  stated.  The  micro-contacts  were  actuated  using  an  external,  calibrated  point 
load.  To  examine  the  micro-contact  performance,  the  contact  resistance  and  force  required 
to  close  the  contact,  were  monitored  simultaneously  throughout  testing.  At  the  above 
stated  end  point,  the  micro-contact  was  folded  back  to  evaluate  the  wear  of  the  upper 
hemispherical  and  planar  lower  contact. 

A.4.1. 1  Micro-contact  with  100  cycles. 

The  100  cycles  test  of  a  micro-contact  was  performed  on  Beam  16.  The  contact 
resistance  plot  is  shown  in  Figure  A. 35.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A. 36a  and  for  the  contact  pad  in  Figure  A.36b. 
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Figure  A. 35:  Contact  resistance  of  Au-Au  6/im  radius  contact  for  100  cycles.  ‘Rc  Average’ 
is  the  average  for  the  last  5  resistance  measurements  at  ~  lOO/uN  of  contact  force.  ‘Rc  Min’ 
is  the  minimum  contact  resistance  measured. 


(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  A. 36:  SEM  image  of  the  upper  contact  bump  and  lower  contact  pad. 
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A.4.1.2  Micro-contact  with  10^  cycles. 

The  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  15.  The  contact 
resistance  plot  is  shown  in  Figure  A. 37.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A. 38a  and  for  the  contact  pad  in  Figure  A. 38b.. 


Figure  A. 37:  Contact  resistance  of  Au-Au  6/im  radius  contact  for  10^  cycles.  ‘Re  Average’ 
is  the  average  for  the  last  5  resistance  measurements  at  ~  200/iA  of  contact  force.  ‘Re  Min’ 
is  the  minimum  contact  resistance  measured. 
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Figure  A. 38:  SEM  image  of  the  upper  eontaet  bump  and  lower  eontaet  pad. 


A.4.1.3  Micro-contact  with  5x10^  cycles. 

The  5  X  10^  cycles  of  a  micro-contact  was  performed  on  Beam  13.  The  contact 
resistance  plot  is  shown  in  Figure  A. 39.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A.40a  and  for  the  contact  pad  in  Figure  A.40b. 
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Figure  A. 39:  Contact  resistance  of  Au-Au  6fum  contact  for  5  x  10^  cycles.  ‘Rc  Average’  is 
the  average  for  the  last  5  resistance  measurements  at  ~  200/iA  of  contact  force.  ‘Rc  Min’ 
is  the  minimum  contact  resistance  measured. 


(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  A. 40:  SEM  image  of  the  upper  contact  bump  and  lower  contact  pad. 


143 


A.4.1.4  Micro-contact  with  10"^  cycles. 

The  10"*  cycles  test  of  a  micro-contact  was  performed  on  Beam  9.  The  contact 
resistance  plot  is  shown  in  Figure  A.41.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A.42a  and  for  the  contact  pad  in  Figure  A.42b. 


Figure  A.41:  Contact  resistance  of  Au-Au  6yum  radius  contact  for  a  10"*  cycles.  ‘Re 
Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  200/iA  of  contact  force. 
‘Re  Min’  is  the  minimum  contact  resistance  measured. 
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Figure  A. 42:  SEM  image  of  the  upper  eontaet  bump  and  lower  eontaet  pad. 


A.4.1.5  Micro-contact  with  5  x  10"^  cycles. 

The  5  X  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  10.  The  contact 
resistance  plot  is  shown  in  Figure  A.43.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A.44a  and  for  the  contact  pad  in  Figure  A.44b. 

This  contact  show  some  wear  after  5  x  10"^  actuation.  On  the  beam  there  is  an  area  in 
the  middle  on  the  contact  bump  that  has  material  transfer  has  occurred.  This  material 
created  a  hole  that  is  shown  on  the  pad. 
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Figure  A.43:  Contact  resistance  of  Au-Au  6/rm  radius  contact  for  a  5  x  lO'^  cycles.  ‘Rc 
Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  lOO/uN  of  contact  force. 
‘Rc  Min’  is  the  minimum  contact  resistance  measured. 


(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  A. 44:  SEM  image  of  the  upper  contact  bump  and  lower  contact  pad. 
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A.4.1.6  Micro-contact  with  10^  cycles. 


The  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  11.  The  contact 
resistance  plot  is  shown  in  Figure  A.45.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A.46a  and  for  the  contact  pad  in  Figure  A.46b. 


Figure  A.45:  Contact  resistance  of  Au-Au  6yum  radius  contact  for  a  10^  cycles.  ‘Re 
Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  200/iA  of  contact  force. 
‘Re  Min’  is  the  minimum  contact  resistance  measured. 
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(a)  Upper  contact  (Anode)  (b)  Lower  contact  (Cathode) 

Figure  A. 46:  SEM  image  of  the  upper  eontaet  bump  and  lower  eontaet  pad. 


A.4.1.7  Micro-contact  with  5  x  10^  cycles. 

The  5x10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  12.  The  contact 
resistance  plot  is  shown  in  Figure  A.47.  This  contact  failed  after  100,000  cycles.  SEM 
images  for  the  contact  bump  is  shown  in  Figure  A.48a  and  for  the  contact  pad  in  Figure 
A.48b. 
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Figure  A.47:  Contact  resistance  of  Au-Au  6/rm  radius  contact  for  a  5  x  10^  cycles.  ‘Rc 
Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  lOO/uN  of  contact  force. 
‘Rc  Min’  is  the  minimum  contact  resistance  measured. 
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Figure  A. 48:  SEM  image  of  the  upper  contact  bump  and  lower  contact  pad. 
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A.4.1.8  Micro-contact  with  10^  cycles. 


The  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  4  The  contact 
resistance  plot  is  shown  in  Figure  A.49.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A. 50a  and  for  the  contact  pad  in  Figure  A. 50b. 


Figure  A.49:  Contact  resistance  of  Au-Au  6yum  radius  contact  for  a  10^  cycles.  ‘Re 
Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  200/iA  of  contact  force. 
‘Re  Min’  is  the  minimum  contact  resistance  measured. 
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Figure  A. 50:  SEM  image  of  the  upper  eontaet  bump  and  lower  eontaet  pad. 


A.4.1.9  Micro-contact  with  5x10^  cycles. 

The  5  X  10^  cycles  test  of  a  micro-contact  was  performed  on  Beam  3.  The  contact 
resistance  plot  is  shown  in  Figure  A. 33.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A. 52a  and  for  the  contact  pad  in  Figure  A.52b. 
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Figure  A.51:  Contact  resistance  of  Au-Au  6/rm  radius  contact  for  a  5  x  10^  cycles.  ‘Rc 
Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  lOO/uN  of  contact  force. 
‘Rc  Min’  is  the  minimum  contact  resistance  measured. 
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Figure  A. 52:  SEM  image  of  the  upper  contact  bump  and  lower  contact  pad. 
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A.4.1.10  Micro-contact  with  10^  cycles. 

The  10’  cycles  test  of  a  micro-contact  was  performed  on  Beam  2.  The  contact 
resistance  plot  is  shown  in  Figure  A. 53.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A. 54a  and  for  the  contact  pad  in  Figure  A. 54b. 
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Figure  A. 53:  Contact  resistance  of  Au-Au  6yum  radius  contact  for  a  10’  cycles.  ‘Re 
Average’  is  the  average  for  the  last  5  resistance  measurements  at  ~  200/iA  of  contact  force. 
‘Re  Min’  is  the  minimum  contact  resistance  measured. 
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Figure  A. 54:  SEM  image  of  the  upper  eontaet  bump  and  lower  eontaet  pad. 


A.5  Testing  of  Au-Au  micro-contact  sample  (2,3) 

This  sample  was  used  to  re-run  the  10  million  eycle  cycles  3  times  as  well  as  map  out 
a  lifetime  of  a  contact  by  testing  the  micro-contact  until  it  failed. 

A.5.1  Cold  Switch  Test. 

A.5. 1.1  10^  cycles. 

The  10’  cycles  test  of  a  micro-contact  was  performed  on  Beam  2.  The  contact 
resistance  plot  is  shown  in  Figure  A. 55.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A. 56a  and  for  the  contact  pad  in  Figure  A. 56b. 

This  contact  shows  only  a  little  area  of  wear  after  10’  actuation.  This  matches  the 
very  low  contact  resistance  seen  throughout  the  lifetime  of  the  micro-contact. 
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Figure  A. 55:  Contact  resistance  of  Au-Au  6//m  radius  contact  for  a  10^  cycles.  Rc  Average 
is  the  average  for  the  last  4  data  point  at  ~  200//A  of  contact  force.  Rc  Min  is  the  minimum 
contact  resistance  measured  during  the  measurement  cycle 


(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  A. 56:  SEM  image  of  upper  contact  bump  and  lower  contact  pad  after  10’  actuation. 
A  small  area  of  material  transfer  is  shown  in  the  contact  area. 
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A.5.1.2  10^  cycles. 

The  10’  cycles  test  of  a  micro-contact  was  performed  on  Beam  3.  The  contact 
resistance  plot  is  shown  in  Figure  A. 57.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A. 58a  and  for  the  contact  pad  in  Figure  A. 58b. 


Figure  A. 57:  Contact  resistance  of  Au-Au  6yum  radius  contact  for  a  10’  cycles.  Re  Average 
is  the  average  for  the  last  4  data  point  at  ~  200yuA  of  contact  force.  Re  Min  is  the  minimum 
contact  resistance  measured  during  the  measurement  cycle 


This  contact  shows  no  obvious  wear  after  10’  actuation.  This  matches  the  very  low 
contact  resistance  seen  throughout  the  lifetime  of  the  micro-contact. 
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(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  A. 58:  SEM  image  of  upper  eontaet  bump  and  lower  eontaet  pad  after  lOM  aetuation. 
A  small  area  of  material  transfer  is  shown  in  the  eontaet  area. 


A.5.1.3  10^  cycles. 

The  10’  eyeles  test  of  a  micro-contact  was  performed  on  Beam  4.  The  contact 
resistance  plot  is  shown  in  Figure  A. 59.  SEM  images  for  the  contact  bump  is  shown  in 
Figure  A. 60a  and  for  the  contact  pad  in  Figure  A. 60b. 

This  contact  shows  no  obvious  wear  after  10’  actuation.  This  matches  the  very  low 
contact  resistance  seen  throughout  the  lifetime  of  the  micro-contact. 
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Figure  A. 59:  Contact  resistance  of  Au-Au  6//m  radius  contact  for  a  10^  cycles.  Rc  Average 
is  the  average  for  the  last  4  data  point  at  ~  200//A  of  contact  force.  Rc  Min  is  the  minimum 
contact  resistance  measured  during  the  measurement  cycle 
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Figure  A. 60:  SEM  image  of  upper  contact  bump  and  lower  contact  pad  after  10’  actuation. 
A  small  area  of  material  transfer  is  shown  in  the  contact  area. 
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A.5.2  Lifetime  Contact  Resistance  Evolution. 

For  the  cold-switch  test  (CSX)  of  the  6fim  contact  radius  Au-Au  device,  the  amount 
of  cycling  was  varied  to  observe  the  effects  lifecycle  performance.  The  device  was 
actuated  to  350  million  cycles  with  measurements  at  every  100, 000  cycles  for  the  first  50 
Million  cycles.  Measurements  every  250, 000  from  50  Million  to  145  Million  cycles. 
Finally  the  device  was  measured  every  500, 000  cycles  for  the  remaining  life  of  the 
micro-contact.  The  contact  resistance  plot  is  shown  in  Figure  A.61. 


Figure  A.61:  Contact  resistance  of  Au-Au  6/im  radius  contact  until  failure.  Re  Average  is 
the  average  for  the  last  4  data  point  at  ~  200/iA  of  contact  force.  Re  Min  is  the  minimum 
contact  resistance  measured  during  the  measurement  cycle. 


With  this  contact  cycled  until  failure  there  are  many  interesting  trends.  The  first  is  the 
steady  increase  of  contact  resistance  from  lOOk  -  28  million  cycles.  At  28  million  there  is 
the  first  of  two  software  glitches.  During  these  times,  at  28  million  and  32  million  cycles, 
the  micro-contact  structure  was  cycled,  but  the  measurement  cycles  did  not  happen  as 
plan.  After  this  long  continuous  cycling,  the  next  contact  resistance  measurement  was 
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much  lower  than  the  previous.  This  eould  be  due  to  the  long  eontinuous  eyeling  ability  to 
elean  the  eontaet  area  and  eaused  a  drop  in  eontaet  resistanee.  After  reeovery  from  these 
two  long  eyeles,  the  eontaet  resistanee  remained  steady  till  322.6  million  eyeles,  where  the 
eontaet  resistanee  spiked  to  109f2,  then  at  323.6  million  eyeles  the  eontaet  failed  to  elose. 
SEM  images  for  the  eontaet  bump  is  shown  in  Figure  A. 62a  and  for  the  eontaet  pad  in 
Figure  A. 62b. 


(a)  Upper  contact  (Anode) 


(b)  Lower  contact  (Cathode) 


Figure  A. 62:  SEM  image  of  upper  eontaet  bump  and  lower  eontaet  pad  after  reliability 
testing.  A  small  area  of  material  transfer  is  shown  in  the  eontaet  area. 


This  eontaet  shows  three  distinet  wear  spots  on  the  upper  and  lower  eontaet  area. 
This  material  in  the  eontaet  area  is  what  eaused  the  resistanee  to  spike  for  the  last  set  of 
measurements. 

A.6  Appendix  Summary 

This  ehapter  presented  all  the  Au-Au  data  eolleeted  in  this  researeh 
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Appendix  B:  Gray-scale  paper 


The  following  is  a  copy  of  the  paper  on  gray-scale  lithography  that  was  submitted 
and  presented  at  the  Photonics  West  2014  Conference. 


161 


Fabrication  of  3D  surface  structures  using  gray-scale  lithography 

Christopher  Stilson,  Raj an  Pal  and  Ronald  Coutu,  Jr.* 

Department  of  Electrical  and  Computer  Engineering,  Air  Force  Institute  of  Technology, 

Wright  Patterson  AFB,  Ohio  45433 


ABSTRACT 

The  ability  to  design  and  develop  3D  microstructures  is  important  for  microelectromechanical  systems  (MEMS) 
fabrication.  Previous  techniques  used  to  create  3D  devices  included  tedious  steps  in  direct  writing  and  aligning  patterns 
onto  a  substrate  followed  by  multiple  photolithography  steps  using  expensive,  customized  equipment.  Additionally, 
these  techniques  restricted  batch  processing  and  placed  limits  on  achievable  shapes.  Gray-scale  lithography  enables  the 
fabrication  of  a  variety  of  shapes  using  a  single  photolithography  step  followed  by  reactive  ion  etching  (RIE). 
Micromachining  3D  silicon  structures  for  MEMS  can  be  accomplished  using  gray-scale  lithography  along  with  dry 
anisotropic  etching.  In  this  study,  we  investigated:  using  MATLAB  for  mask  designs;  feasibility  of  using  1  pm 
Heidelberg  mask  maker  to  direct  write  patterns  onto  photoresist;  using  RIE  processing  to  etch  patterns  into  a  silicon 
substrate;  and  the  ability  to  tailor  etch  selectivity  for  precise  fabrication.  To  determine  etch  rates  and  to  obtain  desired 
etch  selectivity,  parameters  such  as  gas  mixture,  gas  flow,  and  electrode  power  were  studied.  This  process  successfully 
demonstrates  the  ability  to  use  gray-scale  lithography  and  RIE  for  use  in  the  study  of  micro-contacts.  These  results  were 
used  to  produce  a  known  engineered  non-planer  surface  for  testing  micro-contacts.  Surface  structures  are  between  5  pm 
and  20  pm  wide  with  varying  depths  and  slopes  based  on  mask  design  and  etch  rate  selectivity.  The  engineered  surfaces 
will  provide  more  insight  into  contact  geometries  and  failure  modes  of  fixed-fixed  micro-contacts. 

Keywords:  Grayscale,  Direct  Write,  RIE,  Micro -contacts 


1.  INTRODUCTION 


The  ability  to  develop  3D  micro-structures  is  of  great  importance  for  increasing  optical  and  electro-mechanical  device 
perfonnance.  Previous  technologies  used  multiple  direct  writing  and  photolithography  steps,  or  customized  equipment 
[1,  2,  3].  However,  these  technologies  are  restricted  to  a  limited  range  of  shapes  and  do  not  utilize  batch  processing 
cannot  be  utilized.  Gray-scale  technology  has  emerged  enabling  the  development  of  arbitrary  3D  micro -structures  in 
various  materials  [3,  4,  5].  Use  of  gray-scale  technology  allows  3D  shaping  of  silicon  to  be  performed  in  a  single 
photolithography  step  with  subsequent  dry  etching  [6]. 

Gray-scale  lithography  utilizes  an  optical  mask  patterned  with  varying  intensities  of  gray  pixels  and  spacing  in  Matlab. 
This  optical  mask  combined  with  laser  lithography  allows  a  uniform  intensity  on  the  photoresist  surface  across  the 
pattered  region.  Changing  the  size  of  the  pattern  and  color  of  the  gray,  changes  the  intensity  of  the  laser  power;  with 
each  distinct  power  level  given  a  gray  level.  The  height  profde  in  the  photoresist  after  development  (composed  of 
photoresist  gray  levels)  will  depend  upon  the  incident  intensity,  time  of  exposure,  and  photoresist  contrast. 

Gray-scale  optical  masks  were  designed  and  developed  for  a  Heidelberg  Mask  Maker  to  produce  various  structures  in 
positive  photoresist  for  characterization  of  the  profde.  The  gray  levels  were  patterned  on  the  optical  mask  by  varying  the 
size  of  structures.  Due  to  machine  limitations,  only  100  of  the  255  gray  color  variations  are  used  to  produce  100  unique 
height  levels  exist  within  the  chosen  method  of  patterning,  yielding  a  stepped  profde  in  the  photoresist  [7]. 

Also  included  on  the  optical  masks  were  features  to  measure  non-uniformity  in  the  photoresist:  fully  exposed  level 
heights  and  a  conventional  opaque  region  (no  exposure).  These  features  will  give  information  on  the  uniformity  of  the 
photoresist  spinning,  where  the  gray  level  features  include  non-uniformity  coming  from  all  steps:  photoresist  spinning, 
exposure,  and  development  [1]. 
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2.  IMAGE  CREATION 


The  first  attempt  at  gray-scale  lithography  utilizing  Matlab  to  create  a  gray-scale  image,  the  first  of  the  images  can  be 
seen  in  Figure  1.  However,  Matlab  saved  the  image  as  a  color  .bmp  format  that  resulted  in  blue-gray  hues  at  different 
levels.  These  blue-gray  hues  caused  an  issue  in  the  first  test  files  that  led  to  errors  when  writing  into  the  photoresist,  as 
shown  in  Figure  2.  It  was  discovered  that  exporting  the  image  into  another  program  and  saving  in  the  correct  format,  a 
24-bit  bitmap  image,  fixed  the  error.  What  is  also  seen  in  this  image  is  the  border  which  should  be  fully  exposed  is  not. 
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Figure  1.  Image  showing  first  2D  pyramid  pattern  attempted,  this  forniat  of  .bmp  file,  directly  from  Matlab,  created  blue- 
gray  hues  rather  than  only  a  gray- scale  image. 
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Figure  2.  Image  showing  the  caparison  of  the  blue-gray  hue  with  the  resulting  image  in  1818  photoresist,  this  should  be  a 
step  down  from  full  height  of  photoresist  down  to  no  photoresist. 


3.  DIRECT  WRITING  INTO  PHOTORESIST 


Test  were  conducted  to  find  the  required  power  and  exposure  levels.  This  study  was  needed  because  the  incorrect  power 
level  could  lead  to  over  or  under  exposure  of  the  photoresist.  After  some  testing  it  was  found  that  a  14mW  power  at  10% 
allowed  for  exposure  of  1.9  pm.  Although  this  exposure  power  should  be  enough  to  fully  expose  the  1818  photoresist, 
due  to  colder  than  ideal  temperatures,  it  was  found  that  on  some  samples  the  power  levels  were  too  low  to  fully  expose 
all  of  the  photoresist. 

3.1.  Ramp  pattern 

Ramp  design  consisted  of  a  ramp  up  from  the  substrate  to  max  height,  then  immediately  dropping  back  down  to  the 
substrate  to  start  the  ramp  up  again.  This  mimicked  the  layout  of  stepped  ramp,  thus  the  name  “ramp”.  Figure  3(a)  shows 
an  example  of  this  type  of  pattern  in  Matlab  and  the  result  of  the  direct  write  and  (b)  is  the  expected  cross-section  of  the 
design.  Figure  4  shows  the  surface  profile  measurement  of  this  step  function. 


(a) 


Figure  3.  Ramp  example  (a)  left  is  the  Matlab  image,  right  is  the  result  of  the  direct  write  into  1818  photoresist,  (b)  is  the 
expected  cross-section  of  the  designed  along  the  line  b-b. 


Figure  4.  Surface  profile  plot  of  the  ramp  pattern  created  in  Figure  3  along  cross-section  b-b. 


3.2.  2D  pyramid  pattern 

The  2D  pyramid  is  a  pattern  that  ramps  up  and  down  from  the  substrate,  which  creates  a  profile  structure  that  looks  like 
2D  pyramid.  The  profile  was  developed  in  Matlab  to  create  a  gray-scale  image  of  varying  line  widths  and  steps.  An 
example  of  this  can  be  seen  in  Figure  5. 
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Figure  5.  2D  pyramid  example  (a)  left  is  the  Matlab  image,  right  is  the  result  of  the  direct  write  into  1818  photoresist,  (b) 
the  expected  cross-section  of  the  designed  along  the  line  b-b. 


Figure  6.  Plot  of  the  2D  pyramid  surface  profile  from  the  image  in  Figure  5  along  cross-section  b-b. 


3.3.  3D  Pyramid  and  Dip  patterns 

Additional  variations  that  were  created  include  a  3D  pyramid  and  a  dip  pattern.  Pyramids  were  created  by  ramp  ramping 
from  the  substrate  in  the  X  and  Y  direction  up  to  the  full  photoresist  height,  then  ramp  back  down  to  the  substrate.  This 
pattern  could  be  used  to  create  a  lower  contact  bump  or  bumps  for  the  lower  contact  depending  on  the  size  and  spacing 
of  the  pyramids.  The  dip  is  the  opposite  of  the  3D  pyramid,  the  structure  is  a  ramp  down  in  the  X  and  Y  direction  from 
full  photoresisf  fo  the  substrate  or  a  hole  that  could  capture  the  upper  hemispherical  contact. 


Figure  7.  Example  of  the  3D  pyramid  structure  created  in  photoresist.  The  3D  pyramid  is  fonned  by  the  stepping  of  fully 
exposed  photoresist  up  to  the  top  of  the  pyramid  that  is  unexposed. 


Figure  8.  Example  of  the  dip  structure  created  in  photoresist.  The  dip  is  the  opposite  of  the  3D  pyramid,  where  the  center  of 
the  dip  is  fully  exposed  photoresist  and  is  stepped  up  to  the  unexposed  photoresist. 

3.4.  Re-flow  of  photoresist 

As  shown  in  the  surface  profiles,  the  stepping  of  power  levels  led  to  steps  in  the  photoresists,  but  we  required  a  smooth 
function.  One  attempt  to  obtain  a  smooth  surface  profile  was  with  re-flowing  of  the  photoresist.  This  method  is  used  in 
many  different  applications,  including  creating  micro -contacts  bumps  that  this  project  supports.  It  was  found  that  with 
1818  photoresist,  full  melting  of  blocks  of  1818  photoresist  can  be  done  at  150“C  at  15  mins  [8].  After  a  few  trials,  it  was 
determined  that  an  acceptable  amount  of  re-flow  happened  after  3  mins.  Figure  9  plots  the  before  and  after  re-flow 
results  on  the  different  pattern  types. 


Surface  Distance  (|un) 

Figure  9.  Plot  of  the  2D  pyramid  teeth  surface  profile  before  and  after  re-flow,  demonstrating  the  smoothing  of  the  steps  on 
the  slope. 

3.5.  Lower  contact  2D  pyramid 

Tthe  ultimate  goal  was  to  create  a  lower  contact  surface  for  use  in  micro-contact  testing.  The  first  attempt  to  design  a 
lower  contact  structure  was  to  input  the  design  for  the  lower  contact  and  superimpose  the  image  into  the  existing  design. 
This  would  ensure  the  size  and  spacing  would  be  correct.  Due  to  a  limitation  of  the  design  software  the  images  cannot 
be  superimposed  into  the  mask  design,  so  another  way  to  write  these  lower  contacts  were  required.  Two  methods  were 
attempted  to  create  these  lower  pads  with  the  2D  pyramid  pattern,  the  first  was  an  image  to  represent  the  entire  die,  this 
consisted  of  16  beam,  and  therefore  16  lower  contacts  in  a  5000  pm  x  5000  pm  area  was  needed.  This  was  created  with 
one  large  picture  that  was  scaled  to  the  correct  overall  size.  Figure  10  shows  a  picture  of  one  of  these  lower  contact  pads 
that  worked  out  to  be  about  70  pm  x  150  pm.  The  second  method  was  by  using  the  manual  alignment  of  the  mask  maker 
to  direct  where  these  blocks  should  be  located.  This  method  was  more  labor  intensive,  but  with  the  addition  of  some 
alignment  marks  on  the  wafer  this  allowed  for  precise  alignment  of  the  lower  contact. 
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Figure  10.  2D  pyramid  design  imposed  into  the  overall  die  image,  due  to  the  laser  direction  from  left  to  right,  created  the 
lines  against  the  grain  of  the  2D  pyramid. 


4.  ETCH  STUDY 


An  etch  study  was  conducted  to  determine  etching  parameters  in  the  Trion  RIE  system  that  would  allow  for  the  most 
uniform  and  least  selectivity  of  etching. 

Table  1 .  Etch  rates  found  by  varying  parameters  in  four  tests,  parameters  held  constant  for  each  test  is  grayed,  pressure  was 
held  at  200  Torr  for  all  tests.  Test  1  varied  the  flow  of  O2.  Test  2  varied  the  flow  of  both  O2  and  SFg.  Test  3  varied  the 
power  level  and  test  4  varied  the  flow  of  SFg. 


Test 

O2  flow 
(SCCM) 

SFs  flow 
(SCCM) 

Power  level 
(W) 

Delta 

Photoresist 

(pm) 

Delta  Silicon 
(pm) 

Selectivity 

1 

52 

52 

100 

0.3672 

0.5961 

1.62 

13 

52 

100 

0.1068 

2.0094 

19.76 

6 

52 

100 

0.1917 

4.7848 

24.96 

3 

52 

100 

0.0895 

10.995 

112.79 

2 

52 

52 

100 

0.4747 

0.8744 

1.84 

26 

26 

100 

0.3956 

0.8897 

2.25 

13 

13 

100 

0.3597 

1.7137 

4.76 

3 

52 

52 

200 

0.9282 

8.0864 

8.71 

52 

52 

150 

0.7768 

5.5510 

7.15 

52 

52 

100 

0.4747 

0.8744 

1.84 

52 

52 

50 

0.1057 

0.0810 

0.77 

4 

52 

52 

100 

0.5850 

1.1840 

2.02 

52 

39 

100 

0.5495 

0.7198 

1.30 

52 

26 

100 

0.4789 

0.2884 

0.60 

52 

13 

100 

0.5817 

0.1275 

0.21 

As  expected,  decreasing  the  oxygen  rate  increased  the  effects  of  the  SFg  reactively  etching  the  silicon.  From  the  results 
of  the  test,  the  lowest  selectivity  was  determined  to  be  when  the  O2  and  SFs  percentages  were  equal.  When  changing 
the  overall  flow  of  both  O2  and  SF5  caused  siuall  changes  in  the  selectivity.  It  was  determined  that  the  best  option  for 
selectivity  desired  is  at  52  SCCM  of  SF5  and  O2.  Power  variations  also  has  an  effect  on  the  etch  selectivity,  with  higher 
powers  causing  the  selectivity  to  increase.  From  the  results  of  this  set  of  tests  a  power  of  100  Watts  was  chosen.  Finally 
varying  the  SF5  follows  the  expectation  of  the  flow  of  the  SF6  controlling  the  etch  rate  of  the  silicon.  This  provides  the 
key  parameter  when  controlling  the  etching  of  the  photoresist  structures  into  the  silicon  wafers. 

With  the  results  of  the  etch  study,  the  final  selection  of  an  O2  and  SF5  Flow  52  SCCM,  Pressure  200  Torr,  Power  100  W, 
and  an  etch  time  of  1200  sec  was  the  recipe  needed  to  etch  the  gray-scale  structure  into  the  silicon  substrate. 

The  etch  parameters  were  used  on  a  2D  pyramid  pattern  to  check  the  results  of  the  etching  of  the  pattern  into  a  silicon 
substrate,  the  results  of  this  etch  is  seen  in  Figure  1 1 .  The  change  in  depth  of  the  pattern  due  to  the  selectivity  of  the  etch 
parameters  can  be  seen  in  Figure  12 
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Figure  11.  The  results  of  etching  of  a  2D  pyramid  pattern  into  the  silicon  substrate,  the  image  of  the  direct  write  pattern  is  on 
the  right  and  the  resulting  etch  into  the  silicon  can  be  seen  on  the  left. 


Figure  12.  Showing  the  etch  profile  of  the  pattern  shown  in  Figure  11.  This  demonstrates  the  close  to  2:1  etch  selectivity 
desired  with  the  depth  changing  from  ~1 .8pm  in  the  photoresist  to  ~3.4pm  once  etched  into  the  silicon. 

5.  CONCLUSION 

The  ability  to  design  and  develop  3D  microstructures  is  important  for  MEMS  fabrication.  Along  with  traditional 
fabrication  techniques  this  paper  presents  how  gray-scale  lithography  can  be  used  in  MEMs  fabrication.  It  was  shown 
that  using  the  Heidelberg  mask  maker  for  patterning  and  RIE  for  etching,  gray-scale  lithography  is  achievable.  Using 
this  process,  it  will  be  possible  to  create  many  different  3D  structures.  This  paper  shows  how  these  processes  can  be 
used  to  create  profiles  to  a  lower  substrate  that  then  can  be  processed  with  traditional  surface  micro -machining  processes 
to  create  devices  on  non-planar  surfaces. 
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Appendix  C:  Polymumps  and  Sandia  layout 


The  following  a  discussion  of  my  Polymumps  and  sandia  layouts. 

All  designs  have  a  metal  upper  contact  and  a  PolyO  lower  contact.  All  beams  have 
the  same  hinge  structure  and  the  same  length  of  400/rm  with  4  Au  contact  pads  to  wire 
bond.  The  beam  and  contact  bump  construction  has  6  variety.  Those  varieties  are  shown 
below  in  the  following  figures. 


172 


Figure  C.l:  Beam  made  of  Poly  1  with  no  dimple  eut  to  make  a  eontaet  bump 
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Figure  C.2:  Beam  made  of  Poly  1  with  large  area  of  dimple  eut  to  make  a  eontaet  bump 
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Figure  C.3:  Beam  made  of  Poly  2  with  large  area  of  dimple  cut  to  make  a  contact  bump 


Figure  C.4:  Beam  made  of  Poly  1  and  2  with  large  area  of  dimple  cut  to  make  a  contact 
bump 
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Figure  C.5:  Beam  made  of  Poly  1  and  2  with  no  dimple  eut  to  make  a  contaet  bump 


Figure  C.6:  Beam  made  of  Poly  1  and  2  with  dimple  made  with  polyO  and  using  the 
eonformal  features  of  PolyMUMPs  to  transfer  the  design  to  the  Poly  1-2  beam. 
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Similar  to  the  the  PolyMUMPs  design,  a  design  was  submitted  to  Sandia  as  well. 


That  design  ean  be  seen  below. 
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Figure  C.7:  Beam  made  using  the  Sandia  Summit  design  process.  This  design  has  not  ben 
built  and  its  success  as  a  useable  design  is  still  unknown. 
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Appendix  D:  Masks  layout 


The  following  a  discussion  the  mask  layouts  used  in  this  research.  The  mask  set 
consisted  of  4  masks  to  construct  the  fixed-fixed  beam.  Mask  1  was  the  bottom  metal  and 
alignment  marks.  Mask  2  was  for  exposure  of  the  anchors  for  the  fixed-fixed  beam.  Mask 
3  consisted  of  the  4  different  types  of  contacts,  a  single  4//m  radius  contact  bump,  a  single 
6yum  radius  contact  bump,  a  single  S/um  radius  contact  bump  and  3  6fim  radius  contact 
bumps.  Mask  4  was  for  the  construction  of  the  beams,  beam  lenghts  included  350yum. 
4-OOfim,  450//m,  and  SOOfim  length  beams.  An  overview  of  entire  mask  can  be  seen  in 
Figure  D.l. 

This  mask  set  improved  on  previous  designs  in  a  few  areas,  first  is  the  abundance  of 
large  alignment  marks  in  the  center  and  radiating  out  from  the  center.  These  allowed  for 
fast  and  accurate  alignment  of  all  masks.  This  set  also  limited  the  number  of  contact  bump 
types  to  allow  for  easy  identification  of  contact  bump  radius  type.  Figure  D.l  shows  the 
center  and  radiating  alignment  marks,  as  well  as  the  4  different  types  of  contact  radius. 

Another  feature  of  this  mask  set  is  the  movement  of  the  wire  bond  pads  to  the  edge  of 
the  reticle.  This  design  was  important  in  a  few  ways.  First  in  previous  designs  the 
structures  required  wire  bonding  close  to  the  structure,  which  caused  some  wire  bonds  to 
cross  over  other  structures  in  the  carrier.  This  limited  the  number  of  devices  that  could  be 
tested  to  4  or  5  devices  per  carrier.  In  this  improved  design  with  the  pads  located  around 
the  edge,  all  devices  could  be  wire  bonded  without  interfering  with  the  testing  of  other 
devices.  This  increased  the  yield  of  each  carrier  tested  by  400%  and  allowed  for  testing  of 
all  16  devices  per  redicle  and  the  limiting  factor  on  devices  is  the  number  of  pins  on  the 
carrier.  These  reticles  also  were  designed  to  fit  inside  the  carrier  and  spaced  to  allow  for 
dicing  of  devices.  Figure  D.3  shows  a  single  reticle. 
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Figure  D.l:  Overview  of  the  4  masked  used  in  this  researeh 


Also  seen  in  Figure  D.3  and  Figure  D.4  is  the  abundanee  of  labels.  This  allows  the 
tester  to  identify  the  eontaet  radius  type  (upper  eorners  of  the  retiele),  the  loeation  in  the 
quadrant  ( lower  eorners  of  the  retiele)  and  labels  of  the  beam  length  above  eaeh  beam, 
this  is  useful  when  taking  mieroseope  or  SEM  images.  A  elose-up  of  a  single  beam  and 
pointing  out  the  features  of  eaeh  mask  is  ean  be  seen  in  Figure  D.4. 

With  this  improved  mask  set  it  was  easy  to  build,  test,  and  identify  samples  during 
this  researeh. 
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Figure  D.2:  Image  of  layout  highlighting  the  eenter  of  the  mask,  with  major  highlights 
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Figure  D.3:  Image  of  layout  highlighting  a  single  reticle,  with  major  highlights  labeled 
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Figure  D.4:  Image  of  layout  highlighting  a  single  beam,  with  major  highlights  labeled 
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Appendix  E:  Process  Followers 


The  following  is  a  copy  of  process  followers  used  in  this  research  to  created  the 
Fixed-Fixed  beams. 
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Wafer 

Wafer  ID 


Purpose 

|a-contacts 


Masks 

Bottom  Metal 


Process 

Bottom  Metal 


Print  Date 


Init. 

Process  Step 

Notes 

Date 

Time 

INSPECT  WAFER: 

□  Note  any  defects 

Start  Date 

Start  Time 

SOLVENT  CLEAN  WAFER: 

□  30  sec  acetone  rinse  at  500  rpm 

□  30  sec  methanol  rinse  at  500  rpm 

□  30  sec  isopropyl  alcohol  rinse  at  500  rpm 

□  30  sec  Dl  water  rinse  at  500  rpm 

□  Dry  with  nitrogen  at  500  rpm 

□  Dry  wafer  with  nitrogen  on  clean  texwipes 

DEHYDRATION  BAKE: 

□  1  min  1 1 0°C  hot  plate  bake 

SF-11  RESIST  COAT: 

□  Flood  wafer  with  SF-1 1 

□  30  sec  spin  at  4,000  rpm  -  Hold  swab  between  wafer  and  Al  foil  during  spin  to 
capture  excess  photoresist  which  spins  like  'cotton  candy' 

□  2  min  200‘’C  hot  plate  bake 

1805  COAT: 

□  Flood  wafer  with  1 805 

□  4  sec  spread  at  500  rpm 

□  30  sec  spin  at  4,000  rpm,  ramp=200 

□  75  sec  1 1 0°C  hot  plate  bake 

□  Use  acetone  to  remove  1 805  on  backside 

EXPOSE  1805  WITH  Bottom  Metal  MASK#1: 

□  No  alignment  for  first  level  mask  needed,  however  mask  should  be  straight 

□  4.0  sec  exposure  using  EVG  620;  4  sec  exposure  using  MJB3 

1805  DEVELOP: 

□  40  sec  develop  with  351  :DI  (1:5),  use  a  spin/stop/spin/stop  method  at  500  rpm 

□  30  sec  Dl  water  rinse  at  500  rpm 

□  Dry  with  nitrogen  at  500  rpm 

□  Dry  wafer  with  nitrogen  on  clean  texwipes 

INSPECT  RESIST: 

□  Inspect  photoresist  under  microscope,  look  for  fringe  patterns  indicating 
residual  SF-1 1 

SF-11  EXPOSURE  (-1.5  urn  /  cycle): 

□  Place  wafer  in  center  of  circle 

□  300  sec  DUV  exposure  with  OAI  DUV 

SF-11  DEVELOP: 

□  60  sec  bucket  develop  with  SAL  101 

□  30  sec  Dl  rinse  at  500  RPM  or  hold  under  Dl  faucet  for  30  sec 

□  Dry  with  nitrogen  at  500  RPM 

□  Dry  wafer  with  nitrogen  on  clean  texwipes 

INSPECT  RESIST: 

□  Inspect  photoresist  under  microscope 

TENCOR  MEASUREMENT: 

□  Measure  metal  step  height 

T  C  B 

ASHER  DESCUM 

□  4  min,  75W,  LFE  Barrel  Asher  -  Immediately  before  Evaporation 

BOTTOM  METAL  DEPOSITION 

□  Evaporate  200  A  Ti  /  2800  A  Au 

Process  Step  #1 


Page  1 


Masks 

Bottom  Metal 


Process 

Bottom  Metal 


Wafer  Purpose 

Wafer  ID  |a-contacts 


Print  Date 


Init. 

Process  Step 

Notes 

Date 

Time 

LIFT-OFF  METAL: 

□  Heat  1 165  remover  to  90°C  (set  hot  plate  to  170°C) 

□  Use  packinq  tape  to  lift  off  evaporated  Au/Ti 

□  5  min  ultrasonic  bath  in  acetone 

□  30  sec  acetone  rinse  at  500  rpm 

□  30  sec  isopropyl  alcohol  rinse  at  500  rpm 

□  30  sec  Dl  water  rinse  at  500  rpm 

□  Dry  with  nitrogen  at  500  rpm 

□  5  min  soak  in  1165  at  90°  C 

□  30  sec  Dl  rinse  at  500  rpm 

□  Dry  wafer  with  nitrogen  on  clean  texwipes 

INSPECT  METAL: 

□  Inspect  metal  under  microscope 

ASHER  DESCUM 

□  4  min,  150W,  LFE  Barrel  Asher 

TENCOR  MEASUREMENT: 

□  Measure  metal  step  height 

T  C  B 

Electrical  Isolation  Test: 

□  Verify  electrical  isolation  between  contact  pads 

Process  Step  #1 
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Wafer 

Wafer  ID 


Purpose 

|a-contacts 


Masks 

Anchor/Bump 


Process  Print  Date 

Anchor  &  Bump  2/3/2014 


Init. 

Process  Step 

Notes 

Date 

Time 

DEHYDRATION  BAKE: 

□  5  min  1 1 0°C  hot  plate  bake 

Start  Date 

Start  Time 

FiRST  SF-11  (PMGI)  COAT: 

□  Flood  wafer  with  SF-1 1 

□  30  sec  spin  at  4,000  rpm,  ramp=  999,  5  sec  spread=500 

□  2  min  200°  hot  plate  bake 

SECOND  SF-11  (PMGI)  COAT: 

□  Flood  wafer  with  SF-1 1 

□  30  sec  spin  at  4,000  rpm 

□  2  min  200°  hot  plate  bake 

Third  SF-11  (PMGi)  COAT: 

□  Flood  wafer  with  SF-1 1 

□  30  sec  spin  at  4,000  rpm 

□  2  min  200°  hot  plate  bake 

1805  COAT: 

□  Flood  wafer  with  1 805 

□  4  sec  spread  at  500  rpm 

□  30  sec  spin  at  4,000  rpm,  ramp=200 

□  75  sec  1 1 0°C  hot  plate  bake 

□  Use  acetone  to  remove  1 805  on  backside 

EXPOSE  1805  WiTH  Contact  Bump  MASK  #3: 

□  Align  to  alignment  mark  “2”  on  bottom  metal  alignment  marks 

□  4  sec  exposure  using  EVG  620;  4  sec  exposure  using  MJB3 

1805  DEVELOP: 

□  40  sec  develop  with  351  :DI  (1:5),  use  a  spin/stop/spin/stop  method  at  500  rpm 

□  30  sec  Dl  water  rinse  at  500  rpm 

□  Dry  with  nitrogen  at  500  rpm 

□  Dry  wafer  with  nitrogen  on  clean  texwipes 

INSPECT  RESIST: 

□  Inspect  photoresist  under  microscope 

TENCOR  MEASUREMENT: 

□  Measure  metal  step  height 

T  C  B 

PARTIAL  DUV  EXPOSURE  (-OJum  BUMP  DEPTH): 

□  60  sec  DUV  exposure  @  35  mW/cm^ ,  254  nm 

SF-11  DEVELOP: 

□  60  sec  bucket  develop  with  SAL  101 

□  30  sec  Dl  rinse  at  500  RPM 

□  Dry  with  nitrogen  at  500  RPM 

□  Dry  wafer  with  nitrogen  on  clean  texwipes 

INSPECT  RESIST: 

□  Inspect  photoresist  under  microscope 

TENCOR  MEASUREMENT: 

□  Measure  metal  step  height 

T  C  B 

Process  Step  #2 


Page  1 


Wafer  Purpose  Masks  Process  Print  Date 

Wafer  ID  |a-contacts  Anchor/Bump  Anchor  &  Bump  2/3/2014 


Init. 

Process  Step 

Notes 

Date 

Time 

REMOVE  1805: 

□  ~12  sec  acetone  rinse  at  500  rpm  *As  Needed* 

□  30  sec  isopropyl  alcohol  rinse  at  500  rpm 

□  30  sec  Dl  rinse  at  500  rpm 

□  Dry  with  nitrogen  at  500  rpm 

□  Dry  wafer  with  nitrogen  on  clean  texwipes 

When  using  Ace,  the 
1805  in  the  center  of 
wafer  will  open  up, 
immediately  apply 

IPA  to  center  and 
concurrently  use  ace 
to  remove  remaining 
1805 

INSPECT  RESIST: 

□  Inspect  photoresist  under  microscope 

TENCOR  MEASUREMENT: 

□  Measure  metal  step  height 

T  C  B 

1805  COAT: 

□  Flood  wafer  with  1 805 

□  4  sec  spread  at  500  rpm 

□  30  sec  spin  at  4,000  rpm,  ramp  =200 

□  75  sec  1 1 0°C  hot  plate  bake 

□  Use  acetone  to  remove  1 805  on  backside 

EXPOSE  1805  WITH  Anchor  MASK  #2: 

□  Align  to  alignment  mark  “1”  on  the  bottom  metal  alignment  marks 

□  4.0  sec  exposure  using  EVG  620;  4  sec  exposure  using  MJB3 

1805  DEVELOP: 

□  40  sec  develop  with  351  :DI  (1:5),  use  a  spin/stop/spin/stop  method  at  500  rpm 

□  30  sec  Dl  water  rinse  at  500  rpm 

□  Dry  with  nitrogen  at  500  rpm 

□  Dry  wafer  with  nitrogen  on  clean  texwipes 

INSPECT  RESIST: 

□  Inspect  photoresist  under  microscope 

FIRST  DUV  EXPOSURE  (-1.5  urn  /  cycle): 

□  Place  wafer  in  center  of  circle 

□  200  sec  DUV  exposure  with  OAI  DUV 

SF-11  DEVELOP: 

□  60  sec  bucket  develop  with  SAL  101 

□  30  sec  Dl  rinse  at  500  RPM 

□  Dry  with  nitrogen  at  500  RPM 

□  Dry  wafer  with  nitrogen  on  clean  texwipes 

INSPECT  RESIST: 

□  Inspect  photoresist  under  microscope,  look  for  fringe  patters  indicating  residual 
SF-11 

SECOND  DUV  EXPOSURE  (-1.5  urn  /  cycle): 

□  Place  wafer  in  center  of  circle 

□  200  sec  DUV  exposure  with  OAI  DUV 

SF-11  DEVELOP: 

□  60  sec  bucket  develop  with  SAL  101 

□  30  sec  Dl  rinse  at  500  RPM 

□  Dry  with  nitrogen  at  500  RPM 

□  Dry  wafer  with  nitrogen  on  clean  texwipes 

INSPECT  RESIST: 

□  Inspect  photoresist  under  microscope,  look  for  fringe  patters  indicating  residual 
SF-11 

Process  Step  #2 
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Wafer  Purpose  Masks  Process  Print  Date 

Wafer  ID  |a-contacts  Anchor/Bump  Anchor  &  Bump  2/3/2014 


Init. 

Process  Step 

Notes 

Date 

Time 

TENCOR  MEASUREMENT: 

□  Measure  metal  step  height 

T  C  B 

REMOVE  1805: 

□  ~12  sec  acetone  rinse  at  500  rpm  ‘As  Needed* 

□  30  sec  isopropyl  alcohol  rinse  at  500  rpm 

□  30  sec  Dl  rinse  at  500  rpm 

□  Dry  with  nitrogen  at  500  rpm 

□  Dry  wafer  with  nitrogen  on  clean  texwipes 

When  using  Ace,  the 
1805  in  the  center  of 
wafer  will  open  up, 
immediately  apply 
methanol  to  center 
and  concurrently  use 
ace  to  remove 
remaining  1805 

INSPECT  RESIST: 

□  Inspect  photoresist  under  microscope 

TENCOR  MEASUREMENT: 

□  Measure  metal  step  height 

T  C  B 

ASHER  DESCUM 

□  8  min,  75W,  LFE  Barrel  Asher 

TENCOR  MEASUREMENT: 

□  Measure  metal  step  height 

T  C  B 

ANCHOR  AND  BUMP  REFLOW  &  INSPECT  WAFER: 

□  1 0  sec  270°C  hot  plate  bake 

TENCOR  MEASUREMENT: 

□  Measure  metal  step  height 

T  C  B 

Process  Step  #2 
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Wafer 

Wafer  ID 


Purpose 

|a-contacts 


Masks 

Bridge  Metal 


Process  Print  Date 

Bridge  Metal  &  Release  2/3/2014 


Init. 

Process  Step 

Notes 

Date 

Time 

ASHER  DESCUM: 

□  4  min,  75W,  LFE  Barrel  Asher 

Start  Date 

Start  Time 

SPUTTER  CONTACT  METAL  LAYER: 

□  Sputter  2000  A  Au  using  Discovery-1 8 

AZ3350  COAT: 

□  Flood  wafer  with  AZ3350 

□  4  sec  spread  at  300  rpm 

□  30  sec  spin  at  3,000  rpm,  ramp=500 

□  5  min  1 1 0°C  hot  plate  bake 

EXPOSE  AZ3350  WITH  Bridge  Metal  MASK  4: 

□  Align  to  alighment  mark  #3  on  bottom  metal  alignment  marks 

□  7  sec  exposure  using  EVG  620;  22  sec  exposure  for  AFRL 

AZ3350  DEVELOP: 

□  60  sec  develop  with  300MIF,  use  a  spin/stop/spin/stop  method  at  500  rpm 

□  30  sec  Dl  water  rinse  at  500  rpm 

□  Dry  with  nitrogen  at  500  rpm 

□  Dry  wafer  with  nitrogen  on  clean  texwipes 

INSPECT  RESIST: 

□  Inspect  photoresist  under  microscope 

TENCOR  MEASUREMENT: 

□  Measure  metal  step  height 

T  C  B 

SOLVENT  BAKE: 

□  Bake  in  90°C  oven  for  20  min 

ASHER  DESCUM 

□  4  min,  75W,  LFE  Barrel  Asher 

Electroplate  BRIDGE  METAL  LAYER: 

□  Turn  on  bath  and  allow  to  heat  up  to  138°C 

□  Electroplate  2.4um  Au  using  AFRL  Electroplate,  settings  as  follows: 

□  1=0.02,  V=2.5,  Freq=100,  On=4ms,  Off=6ms,  AmpHour=0.11  Ah 

TENCOR  MEASUREMENT: 

□  Measure  metal  step  height 

T  C  B 

REMOVE  AZ3350: 

□  30  sec  acetone  rinse  at  500  rpm 

□  30  sec  isopropyl  alcohol  rinse  at  500  rpm 

□  30  sec  Dl  water  rinse  at  500  rpm 

□  Dry  with  nitrogen  at  500  rpm 

□  Dry  wafer  with  nitrogen  on  clean  texwipes 

ASHER  DESCUM 

□  2  min,  75W,  LFE  Barrel  Asher 

CONTACT  METAL  ETCH: 

□  40  sec  Au  Etchant,  agitated 

□  30  sec  Dl  water  rinse  (stops  the  etching) 

□  Dry  with  nitrogen  on  clean  texwipes 

INSPECT  CONTACT  METAL: 

□  Make  sure  contact  metal  layer  is  completely  removed 

Process  Step  #3 
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Wafer  Purpose  Masks  Process  Print  Date 

Wafer  ID  |a-contacts  Bridge  Metal  Bridge  Metal  &  Release  2/3/2014 


Init. 

Process  Step 

Notes 

Date 

Time 

STRIP  SF-11  SACRIFICIAL  LAYER  (RELEASE  PROCESS): 

□  Do  NOT  place  devices  in  ultrasonic  bath 

□  Place  devices  in  1165  at  room  temperature 

□  Heat  1 165  remover  to  90°C  (set  hot  plate  to  120°C) 

□  35  min  soak  in  1165  at  90°C 

□  Wet  transfer  from  1165  beaker  to  1st  IPA  in  petri  dish,  30  sec  soak 

□  Wet  transfer  to  2nd  IPA  in  petri  dish,  30  sec  soak 

□  Wet  transfer  to  3rd  iPA  in  petri  dish,  30  sec  soak 

□  Wet  transfer  to  1st  methanol  in  petri  dish,  30  sec  soak 

□  Wet  transfer  to  2nd  methanol  in  petri  dish,  30  sec  soak 

□  Wet  transfer  to  3rd  methanol  in  petri  dish,  30  sec  soak 

□  Fill  C02  dryer  chamber  with  enough  methanol  to  cover  the  wafer 

□  Remove  wafer  from  4th  methanol  dish  and  place  in  C02  dryer  chamber 

□  Immediately  cover  C02  dryer  and  start  process 

ASHER  DESCUM 

□  5  min,  75W,  LFE  Barrel  Asher 

Process  Step  #3 
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Appendix  F :  Labview 


The  following  is  a  copy  of  the  labview  guide  created  in  previous  research  and 
updated  to  reflect  changes  made  to  the  program  [8]. 
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Lab  View 


INITIAL  CONTACT  TEST  INFORMATION 

The  following  figure  shows  the  initial  contact  test  program  block  diagram. 


Figure  1  Initial  Contact  Test  Program  Block  Diagram 
Specification  of  the  step  size  allows  for  variances  in  micro-contact  fabrication  and 

design.  As  the  gap  between  the  micro-contacts  may  be  designed  at  varying  distances,  the  ability 

to  set  a  step  size  explicitly  prevents  an  application  of  force  to  the  micro -structure  which  could 

cause  plastic  deformation.  Setting  the  maximum  applied  force  provides  protection  from 

exceeding  the  limits  of  the  force  sensor  as  well  as  the  micro -structure.  In  order  to  have  a  more 

controlled  approach  by  the  force  sensor  to  the  micro-contact,  the  user  may  set  a  time  interval  at 

each  step.  At  each  step,  a  reading  for  the  applied  force,  contact  voltage,  and  contact  current 

takes  place.  The  values  of  the  readings  are  then  stored  in  an  excel  file  upon  completion  of  the 


test. 


The  output  of  the  initial  contact  test  program  is  the  applied  force  and  position  of  the  sensor 
required  for  a  closed  connection  of  the  micro-contact.  The  sample  rate  is  provided  in  order  to 
verify  the  chosen  time  at  each  step  and  number  of  steps  taken.  The  determination  of  a  closed 
connection  is  performed  by  examining  the  recorded  data  for  a  real  result  in  micro-contact 
resistance.  The  applied  force  and  position  required  for  a  real  result  in  micro-contact  resistance 
are  then  offsets  so  that  the  true  applied  contact  force  is  calculated.  The  position  and  applied 
force  values  are  inputs  for  the  next  chosen  type  of  testing;  hot-switch  or  cold-switch. 


HOT-SWITCH  TEST  INFORMATION 

The  following  figure  shows  the  hot-switch  program  block  diagram. 


Figure  2  Hot-Switch  Program  Block  Diagram 

Most  important  for  the  hot-switch  testing  is  knowing  the  position  the  force  sensor  needs 
to  be  in  order  to  apply  the  appropriate  and  desired  contact  force.  Setting  the  maximum  applied 
contact  force  establishes  a  force  limit  to  protect  the  force  sensor  and  the  micro-contact  structure. 


This  limit  is  checked  every  measurement  to  ensure  compliance.  If  the  force  applied  is  greater 
than  the  limit,  which  can  be  caused  by  position  drift,  then  the  program  reduces  the  position 
accordingly  to  apply  the  desired  contact  force.  Position  drift  occurs  through  the  repeated 
commands  sent  to  the  piezo  control  unit.  Due  to  systematic  errors  in  converting  from  digital  to 
analog  control  signals,  i.e.  lab  view  to  piezo  controller  to  piezo  motor,  the  position  requested  by 
the  user  is  given  to  the  controller  but  slight  varianees  in  the  piezo  motor  actuation  capability 
cause  a  drift  in  position.  To  raise  the  sample  rate,  the  user  may  input  the  number  of  cyeles 
between  measurements.  The  time  in  which  it  takes  one  iteration  of  an  actuation  and 
measurement  decreases  without  having  to  take  a  measurement.  If  desired,  this  feature  allows  the 
user  to  see  only  those  data  points  after  so  many  actuations.  Specification  of  the  number  of  cycles 
to  perform  and  current  to  apply  to  the  miero-contact  allows  for  a  characterization  of  the  miero- 
contact  for  the  given  performance  requirements. 

The  output  of  the  hot-switch  program  is  an  excel  file  which  contains  the  applied  current  and 
force,  measured  voltage,  and  calculated  micro-contact  resistance.  The  sample  rate  is  also 
provided  for  the  interest  of  rate  of  actuation.  The  information  provided  from  this  test  can  then  be 
used  to  characterize  the  performance  of  the  micro-contact.  The  applied  current  and  measured 
voltage  across  the  micro-contact  is  used  to  calculate  the  miero-eontact  resistance.  Plotting  the 
micro-eontact  resistance  against  number  of  cycles  will  show  the  relative  lifetime  of  the  given 
micro-contact  structure. 

Hot-switch  test  will  be  stopped  if  one  of  these  four  conditions  occur.  First  is  if  the  desired 
number  of  eycles  is  completed.  Second  is  if  the  distance  of  movement  of  the  piezo  actuator 
reaches  its  limit  (19  pm).  Third  is  if  the  max  force  sensor  limit  is  reached  without  contact  being 


made.  This  would  oceur  if  there  was  some  film  that  cause  the  micro-contact  not  to  make  an 


electrical  contact.  Lastly  the  test  will  stop  if  when  the  measurement  cycle  was  started  electrical 
contact  was  already  made.  This  would  occur  if  the  upper  and  lower  contact  were  already 
connected  due  to  stiction. 


COLD-SWITCH  TEST 

The  following  figure  shows  the  block  diagram  for  the  cold-switch  program. 


Figure  3  Cold-Switch  Program  Block  Diagram 

As  with  the  hot-switch  test  program,  the  most  important  input  is  knowing  the  position  the 
force  sensor  needs  to  be  in  order  to  apply  the  appropriate  and  desired  contact  force.  Setting  the 
maximum  applied  contact  force  establishes  a  force  limit  to  protect  the  force  sensor  and  the 
micro-contact  structure.  This  limit  is  checked  every  measurement  to  ensure  compliance.  If  the 


force  applied  is  greater  than  the  limit,  which  can  be  eaused  by  position  drift,  then  the  program 
reduces  the  position  accordingly  to  apply  the  desired  eontact  foree.  Position  drift  oeeurs  through 
the  repeated  commands  sent  to  the  piezo  control  unit.  Due  to  systematie  errors  in  eonverting 
from  digital  to  analog  control  signals,  i.e.  lab  view  to  piezo  controller  to  piezo  motor,  the 
position  requested  by  the  user  is  given  to  the  controller  but  slight  varianees  in  the  piezo  motor 
actuation  capability  cause  a  drift  in  position.  To  raise  the  sample  rate,  the  user  may  input  the 
number  of  eyeles  between  measurements.  The  time  in  whieh  it  takes  one  iteration  of  an 
actuation  and  measurement  decreases  without  having  to  take  a  measurement.  If  desired,  this 
feature  allows  the  user  to  see  only  those  data  points  after  so  many  aetuations.  Specification  of 
the  number  of  eyeles  to  perform  and  eurrent  to  apply  to  the  miero-contaet  allows  for  a 
eharaeterization  of  the  micro-contact  for  the  given  performance  requirements. 

The  output  of  the  cold-switeh  program  is  an  excel  file  which  contains  the  applied  current 
and  force,  measured  voltage,  and  ealeulated  miero-contact  resistanee.  The  sample  rate  is  also 
provided  for  the  interest  of  rate  of  aetuation.  The  information  provided  from  this  test  ean  then  be 
used  to  characterize  the  performance  of  the  miero-contaet.  The  applied  eurrent  and  measured 
voltage  aeross  the  micro-contact  is  used  to  caleulate  the  miero-contaet  resistance.  Plotting  the 
micro-contact  resistance  against  number  of  cycles  will  show  the  relative  lifetime  of  the  given 
miero-contact  structure. 

Cold-switeh  test  will  be  stopped  if  one  of  these  four  eonditions  oecur.  First  is  if  the  desired 
number  of  eyeles  is  completed.  Second  is  if  the  distance  of  movement  of  the  piezo  actuator 
reaches  its  limit  (19  pm).  Third  is  if  the  max  force  sensor  limit  is  reaehed  without  contact  being 
made.  This  would  occur  if  there  was  some  film  that  cause  the  micro-eontact  not  to  make  an 


electrieal  contaet.  Lastly  the  test  will  stop  if  when  the  measurement  eycle  was  started  electrieal 


contact  was  already  made.  This  would  occur  if  the  upper  and  lower  contact  were  already 
connected  due  to  stiction. 


LAB  VIEW  PROGRAMMING  INFORMATION 

Lab  View  is  a  dataflow  visual  programming  environment  and  general  programming 
language.  The  interface  allows  users  to  'code'  based  on  the  visualization  of  how  data  flows 
through  the  system  they  wish  to  implement.  The  following  are  screenshots  of  the  graphical 
programming  interface  which  comprise  the  automated  data  aequisition  system.  Following  the 
screenshots  is  a  general  description  of  what  each  'frame'  of  programming  accomplishes. 


Figure  4  Lab  View  Data  Acquisition  System  User  Interface 
Figure  4  shows  the  user  interface  for  the  automated  data  acquisition  system.  On  this 

screen,  the  user  may  determine  the  test  type  to  be  performed,  set  the  parameters,  start  and  stop 

the  test,  and  monitor  the  test's  progress. 


Figure  5  Frame  1  of  the  Graphical  Programming  for  the  Automated  Data  Acquisition  System 
Frame  1  is  responsible  for  accepting  the  user's  input  for  the  desired  test  type  and  resetting 

the  progress  indicators  on  the  main  user  interface  screen.  While  loops  within  the  frame  allow  the 

user  to  adjust  parameters  and  settings  before  beginning  the  test. 


Figure  6  Frame  2  of  the  Graphical  Programming  for  the  Automated  Data  Acquisition  System 
Frame  2  is  responsible  for  the  calibration  of  the  force  sensor.  In  this  frame,  the  piezo 

controller  and  the  force  sensor's  sampling  clock  are  initialized.  The  force  sensor  is  then  zeroed 

and  the  graph  displaying  the  force  sensor's  output  on  the  user  interface  screen  is  adjusted.  The 

sampling  condition  of  the  force  sensor  is  changed  from  continuous  to  finite  sampling  for  the 

purpose  of  performing  incremental  measurements  in  the  next  frame. 


Figure  7  Frame  3  of  the  Graphical  Programming  for  the  Automated  Data  Acquisition  System 
In  Frame  3,  the  force  sensor  is  brought  into  contact  with  the  micro-contact  structure.  To 

accomplish  this,  the  user  is  prompted  to  use  the  micromanipulators  on  the  test  fixture  in  order  to 
manually  bring  the  force  sensor  into  close,  but  not  contact,  proximity  with  the  micro-contact 
structure.  After  the  manual  approach,  the  piezo  actuator  moves  the  sensor  in  steps  set  by  the  user 
before  the  start  of  the  test  until  the  force  limit,  also  set  by  the  user,  is  reached.  The  piezo 
actuator  then  moves  the  sensor  away  in  5  nm  increments  until  a  force  less  than  5  pN  is  read  from 
the  force  sensor.  The  piezo  actuator  then  moves  the  sensor  towards  the  micro-contact  structure 
until  a  force  level  greater  than  5  pN  is  reached.  The  movement  away  and  towards  the  micro¬ 
contact  structure  is  repeated  until  a  force  of  just  less  than  5  pN  is  measured  on  the  last  movement 
away  from  the  micro-contact  structure.  The  purpose  of  the  back  and  forth  movement  is  to  verify 


contact  with  the  micro-contact  structure. 


Figure  8  Frame  4  of  the  Graphical  Programming  for  the  Automated  Data  Acquisition  System 
At  frame  4,  the  force  sensor  is  now  in  contact  with  the  micro-contact  structure  and  the 

waveform  information  for  the  piezo  controller  is  set.  Also  set  in  this  frame  are  the  voltage  and 

current  multimeters  as  well  as  the  current  source  (if  applicable). 


Figure  9  Frame  5  of  the  Graphical  Programming  for  the  Automated  Data  Acquisition  System 
Frame  5  is  where  the  piezo  eontroller  is  set  to  closed  loop  mode  for  accurate  position 


control  and  the  current  source  is  turned  on  for  the  beginning  of  the  ICT. 


Figure  10  Frame  6  of  the  Graphical  Programming  for  the  Automated  Data  Acquisition  System 
Frame  6  is  programmed  to  actually  perform  the  ICT.  In  this  frame,  the  force  sensor  is  set 

to  sample  finite  samples,  then  the  piezo  moves  the  sensor  to  actuate  the  micro-contact  structure 

by  increments  set  by  the  user.  The  system  then  waits  at  the  incremental  step  for  a  period  of  time 

set  by  the  user.  Voltage,  current,  and  force  are  read  and  displayed.  The  limits  for  contact  force 

and  maximum  sensor  force,  which  are  set  by  the  user,  are  checked.  If  the  current  measurement  is 

greater  than  0.02  mA  then  contact  is  considered  to  have  been  made.  Once  contact  make  has 

occurred,  actual  contact  force  is  recorded.  At  this  point,  the  ICT  is  complete  and  the  position  of 

the  sensor  is  set  back  to  its  initial  position. 


Figure  11  Frame  7  of  the  Graphical  Programming  for  the  Automated  Data  Acquisition  System 
In  frame  7,  the  data  from  the  ICT  is  recorded  into  an  excel  file.  The  data  includes 

columns  of  voltage,  current,  resistance,  sensor  force,  contact  force,  cycle  number,  and  is  placed 

in  an  excel  file  with  a  name  designated  for  the  test  type  being  performed. 


Figure  12  Frame  8  of  the  Graphical  Programming  for  the  Automated  Data  Acquisition  System 
Frame  8  is  the  programming  responsible  for  the  performance  of  a  Hot  or  Cold  test  if 

applicable.  The  frame  is  skipped  if  the  user  has  elected  only  to  perform  a  ICT.  In  this  frame,  the 

current  source  is  set  and  turned  on  for  a  Hot  test  or  off  for  a  Cold  test.  The  piezo  controller  is 

then  set  to  open  loop  mode  in  order  to  accommodate  fast  rate  testing. 


Figure  13  Frame  9  of  the  Graphical  Programming  for  the  Automated  Data  Acquisition  System 
Frame  9  contains  the  programming  for  applying  the  waveform  chosen  by  the  user  to  the 

piezo  controller.  A  conditional  loop  checks  to  see  if  the  user  desires  a  fast  rate  test  and  skips  the 

frame  if  false.  Under  the  true  condition,  the  frame  applies  the  waveform. 


Figure  14  Frame  10  of  the  Graphical  Programming  for  the  Automated  Data  Acquisition  System 
The  force  sensor  is  set  to  continuous  mode  in  order  to  display  the  force  sensor  readings 

on  the  user  interface  during  a  fast  rate  Cold  or  Hot  test.  Frame  10  filters  the  output  of  the  force 

sensor  appropriately  to  verify  to  the  user  that  the  desired  waveform  has  been  applied. 


Figure  15  Frame  11  of  the  Graphical  Programming  for  the  Automated  Data  Acquisition  System 
In  frame  11,  the  current  source  is  turned  off  if  needed  and  the  cycle  number  is  determined 

in  order  to  check  if  the  desired  number  of  cycles  have  been  performed.  If  the  desired  number  of 

cycles  have  been  performed  then  the  for  loop  condition  is  complete  and  the  program  moves  to 

frame  12.  If  the  cycle  count  is  below  that  of  the  set  number,  then  the  for  loop  iterates  back  to 


frame  5. 


Figure  16  Frame  12  of  the  Graphical  Programming  for  the  Automated  Data  Acquisition  System 
Frame  12  contains  the  programming  responsible  for  adjusting  the  progress  indicators  and 

closing  communications  with  the  equipment  used  to  perform  the  testing. 


Appendix  G:  Visual  Bibliography 


The  following  page  is  and  example  of  a  visual  bibliography.  A  visual  bibliography 
uses  a  pieture  eontaining  conneetions  between  people  and  papers.  Some  examples  of 
conneetions  that  can  be  made  include  topics,  authors,  schools,  and  funding  sources.  This 
can  be  used  as  a  way  to  visual  map  these  connections.  Bing  uses  a  type  of  visual 
bibliography  to  display  there  different  formats  including;  connections  between  authors, 
co-author  connections,  and  citations.  The  figure  below  is  an  example  of  Major  Langley’s 
co-author  connections  on  Bing.  The  following  page  displays  a  visual  bibliography 
covering  key- words  that  was  done  on  a  few  key  papers  to  this  research. 
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Antonio  Crespo 


Eugene  A.  Moore 


Elizabeth  S.  Moore 


Eric  R.  Heller 


John  W.  Gillespie 


Dubravko  I.  Babic 


Christopher  A.  Lundell 


Figure  G.l:  An  example  of  Major  Langley’s  co-author  connections  are  displayed  on  Bing 


211 


1 

Selecting  metal  alloy  electric  contact  materials  for  MEMS  switches 
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Contact  resistance  study  of  noble  metals  and  alloy  films  using  a  scanning  probe  microscope  test  station 

3 

A  Micro-Macroapproach  to  Predict  Stiction  due  to  Surface  Contact  in  Microelectromechanical  Systems 

4 

A  Finite  Element  Study  of  Elasto-Plastic  Hemispherical  Contact  Against  a  Rigid  Flat 
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Lifetime  limitations  of  ohmic,  contacting  RF  MEMS  switches  with  Au,  Pt  and  Ir  contact  materials 

6 

RF  MEMs  switches  with  Ru02-Au  contacts  switches  to  10  billion  cycles 
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Contact  resistance  of  thin  metal  film  contacts 
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